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INTRODUCTION 


. 


A.   Photochemistry 


Photochemistry  is  a  field  associated  with  the  physical  and  chem- 
ical consequences  of  electronic  excitation,  which  occurs  when  light 
and  matter  interact.  Two  laws  which  govern  photochemical  reactions 
are:   1)  "only  radiations  which  are  absorbed  by  the  reacting  system 
can  be  effective  in  producing  chemical  changes"  (Grotthus,  1877; 
Draper,  1841)  ,  and  2)  "each  light  quantum  absorbed  activates  one  mole- 
cule" (with  the  exception  of  biphotonic  processes  which  occur  as   re- 
sult of  high  intensity  irradiation)  (Stark,  1908-12;  Einstein,  IS  - 
13)  .  Thus,  the  absorbed  light  causes  electronic  excitation  of  a  mole- 
cule, and  it  is  from  this  excited  molecule,  or  a  subsequent  interme- 
diate, that  all  the  photochemical  processes  occur. 

The  primary  processes  which  can  occur  as  a  result  of  photon  ab- 
sorption are  summarized  in  equations  (l)-(4). 

A  +  hv >  A*      absorption  (1) 

ki 

A* '  A>  A  +  heat     nonradiative  deactivation  (2) 


ko 
A* ^A  +  hv'      radiative  deactivation 

k-^ 
A* ^products     photochemical  reaction 


(3) 


The  efficiency  of  a  particular  process  is  given  by  the  quantum  yield 
($) ,  which  is  defined  as: 

$  _  //  molecules  undergoing  process  a 
a         #  photons  absorbed 


or 


a    I- 


-» 

where  dP/dt  ia  the  rate  of  formation  of  a,  and  I  is  the  intensity  ab- 
sorbed by  the  system.  A  general  conclusion  concerning  the  quantum 
yield  for  product  formation  has  been  developed  using  a  steady  state 
approximation.   From  equations  (l)-(4),  the  rate  of  formation  of  the 
product  is: 

dP/dt  =  k3  [A*]  (5) 

Application  of  the  steady  state  approximation  to  [A*]  gives: 

*U£1  .  0  -  Ia  -  kj  [A*]  -  k2  [A*]  -  k3  [A*]  (6) 

or 

[A*]  =    .  Ia  .  .  (7) 

EJ  +  k2  +  k3  K  ' 

Substitution  into  equation  (5)  yields: 


dp  M^ 


(8) 


dt   kjL  +  k2  +  k3 
Using  the  above  definition  of  a  quantum  yield,  it  is  determined  that 

*  =  k3  (Q) 

ki  +  k2  +  k3  W} 

Equation  (?)  applies  to  systems  in  which  A*  is  populated  directly  by 
irradiation.  For  systems  in  which  the  excited  state  is  indirectly 
populated  by  intersystem  crossing/internal  conversion,  the  efficiency 
of  this  indirect  population  ($lsc)  must  also  be  incorporated,  as  in 
equation  (10) . 

^3 


$  =  $ 


isc  k-j^  +  k2  +  k3 


(10) 


The  summation  of  the  quantum  yields  for  all  the  primary  processes  in  a 

2 
given  system  should  equal  1. 

B.  Electronic  Transitions 

Two  criteria  must  be  met  in  order  for  a  molecule  to  absorb  light. 

First,  the  energy  of  the  light  must  match  the  difference  in  ground  and 

excited  state  energies  of  the  molecule  (equation  11),  where  E   is  the 

gs 

hV  =  Ees  '  \s  <U> 

es    gs 


energy  of  the  ground  state  with  wave  function  f   ,  and  E   is  t)  «j 

gs'      es 

energy  of  the  excited  state  with  wave  function  <?   .  Second,  an  inter- 

GS 

action  must  generally  occur  between  the  electric  or  magnetic  vector 
components  of  the  radiation  and  the  electric  or  magnetic  dipoles  of 
the  molecule  (the  electric  interactions  are  the  major  contributor  to 
transitions) .  * 

If  these  two  criteria  are  satisfied,  the  probability  of  a  trans- 
ition occurring  can  be  determined  from  the  transition-moment  integral 
R   (equation  12),  where  a  is  the  dipole  moment  operator.  This  operator 

Ra<*es\*\\5>  (12) 

can  be  separated  into  a  sum  over  electrons  and  a  sum  over  nuclei  (equa- 
tion 13) .  The  molecular  wave  function  Y  can  be  factored  (approximately) 


<N      /\ 


d  =  del  +  dN  (13) 

into  electronic  and  nuclear  eigenfunctions  (equation  14).  Incorpora- 

f  *  *el  *n  (14) 


5 
tion  of  equations   (13)   and   (14)   into  equation  (12)    gives 

<*es!d>gs>=  "&*lf&,H<*el  +  VV,elV,NdTeldTN 

-^es,N^gs,N[^es,eldelV,eldTel]dTN 

+  ^eS,NdAs,Nf^es,el^gS,eldTei]dTN  (15) 

Since  ty&g   el  and  $    .  are  eigenf unctions  of  the  Hermitian  operator 
Hel  with  different  eigenvalues,  they  are  orthogonal.  Equation  (15) 
can,  therefore,  be  reduced  to 

<  *esl3l V  -  ^s,NV,"[/<s,eldelV,eldTelIdTN       <16> 

In  order  for  a  transition  to  be  forbidden,  equation  (16)  must 

equal  zero.  Two  principal  selection  rules  have  been  developed  which 

pertain  to  vanishing  of  the  bracketed  portion  of  equation  (16) .  When 

spin-orbit  interaction  is  small,  tf>    ,  and  il>  are  eigenf unctions 

Tes,el      gs,el 

^2 

of  the  Hermitian  operator  S  (the  square  of  the  magnitude  of  the  total 

spin  angular  momentum  of  a  particle) .   Since  S  commutes  with  d  , , 

el 
2 
electronic  transitions  with  a  change  in  S  are  forbidden.   In  heavy 

atom  systems,  where  spin-orbit  coupling  is  strong,  this  spin  selection 
rule  breaks  down,  allowing  transitions  with  typical  e  values  of  ~1  to 
10  M  cm"  to  occur  between  states  of  different  multiplicity. 

The  second  selection  rule  deals  with  parity.  The  product 
^es  eldel^gs,el  mu8t  be  totally  symmetric  under  the  extant  group  oper- 
ations for  its  integral  to  be  non-zero.  When  the  inversion  symmetry 

element  is  present,  the  components  of  d  are  ungerade,  and  \1>         , d  .- 

res,el  el 

^gs.el  muSt  be  Serade  to  have  a  non-zero  integral.  Therefore,  it  is 
necessary  for  ^  ^  and  ^gs>el  to  be  of  unequal  parity.  This  is  the 


basis  of  the  Laporte-forbidden  or  parity-forbidden  selection  rule, 
which  states  that  transitions  between  orbitals  of  the  same  parity 
(i.e.,  g  •*■  g,  or  u  -*■  u)  are  forbidden  in  centro-symmetry .  Coupling 
between  the  vibrational  and  electronic  functions  assists  in  the  break- 
down of  the  Laporte  selection  rule,  and  transitions  of  this  type  can 
occur  and  typically  have  e  values  in  the  range  of  ~10  to  100  M  cm~*. 

C.  Excited  State  Classifications 

Although  the  extent  of  metal  and  ligand  orbital  mixing  varies,  it 
is  most  convenient  to  categorize  electronic  transitions  by  assuming 
that  the  original  metal  ion  electrons  remain  localized  mainly  on  the 
metal  and  that  the  original  ligand  electrons  are  localized  mainly  on 
the  ligand.  Based  on  this  simplification,  electronic  transitions  can 
be  classified  as  follows:   1)   ligand  field  (metal  localized),  LF, 
2)  internal  ligand  (ligand  localized),  IL,  and  3)  charge  transfer 
(a)  ligand-to-metal,  LMCT,  (b)  metal-to-ligand,  MLCT,  and  (c)  metal- 
to-solvent,  11SCT.   (The  metal-to-solvent  charge  transfer  transition  is 
difficult  to  treat  theoretically.  Since  it  does  not  pertain  to  the 
work  described  here,  it  will  not  be  discussed.)  Figure  1  is  a  simpli- 
fied molecular  orbital  diagram  illustrating  these  possible  transitions. 

Equations  (17)-(21)  describe  a  conceptualized  view  of  the  various 

transitions  and  their  resulting  excited  states  for  a  d  system  of  0 

4  h 

symmetry. 

[M  (t2g  )L6]     LF  >  B*  (t2g  eg  )L6] 

[M^L5L0rm)]n+--ftH*  EM^MW*)!*1,  * 


pfV*   dft  >  [M(r-1)+a+)jn+ 


(17) 

(18) 

(19) 

tl  * 


(n+1)  p 


(n+1)  s 


Jo*. 


11a. 


n  d    t2s>  eg 


Metal 

atomic 

orbitals 


Molecular 
Orbitals 


tluVtiu*     L 


tlg't2g» 


tlu»t2u 


3jaSta*la  ,  0t 


Ligand 

atomic 

orbitals 


1)  Ligand  Field  (LF) 

2)  Internal  Ligand  (IL) 

3)  Metal-to-Ligand  Charge  Transfer  (MLCT) 

4)  Ligand-to-Metal  Charge  Transfer  (LMCT) 


Figure  1.   Molecular  orbital  diagram  (Q.  symmetry)  illustrating  possible 
electronic  transitions. 


8 

'Mr\l"+  A    *    [M(r+1)+(I-6-)]n+  *    .  (20) 

'"r\'n+   .&  >  l»™\) ("+1>+  +  e"  (21) 

Ligand  field  excitation  results  in  the  motion  of  an  electron  be- 
tween two  d  orbitals  primarily  localized  on  the  metal.  For  a  d6  sys- 
tem, this  transition  results  in  an  angular  redistribution  of  the 
charge  from  a  t   orbital,  which  is  directed  between  the  ligands,  to 
an  e   orbital,  which  is  directed  toward  the  ligands.  The  increased 

antibonding  character  between  the  metal  and  ligands  in  populating  e  * 

g 
presumably  leads  to  lengthening  of  the  metal-ligand  bonds  for  the  ex- 
cited state  structure  and  may  result  in  loss  of  a  ligand.  Thus, 
photosubstitution  (as  given  in  equation  22)  of  the  complex  might  be 

MLn  +  X    ^   >;\_1X  +  L  (22) 

expected  to  occur  as  a  result  of  LF  irradiation. 

Similarly,  excitation  into  a  charge  transfer  excited  state  re- 
sults in  a  radial  redistribution  of  the  electronic  charge,  where  the 
electron  can  be  envisioned  as  migrating  from  a  molecular  orbital  which 
is  localized  mainly  on  the  metal  to  one  which  is  localized  mainly  on 
the  ligand,  or  vice  versa.  Depending  upon  various  considerations, 
such  as  the  effective  amount  of  charge  being  transferred  and  environ- 
mental effects  (solvent  reactivity,  PH,  cage  effects)1,  a  charge  trans- 
fer excited  state  might  potentially  lead  to  an  intramolecular  oxidation- 
reduction  reaction. 

These  generalizations,  concerning  types  of  reactions  which  should 
follow  formation  of  a  particular  excited  state,  are  easily  made  but 
cannot  be  considered  rigorous.  The  excited  state  formed  directly  by 


absorption  may  undergo  radiative  deactivation  before  a  reaction  can 
occur,  or  nonradiative  deactivation  to  indirectly  populate  states 
lower  in  energy  by  internal  conversion/intersystem  crossing  from  the 
initially  populated  state  (as  illustrated  in  Figure  2).  Thus,  the 
reaction  observed  may  be  considerably  different  from  that  expected 
from  formation  of  a  particular  excited  state. 

D.  Photochemical  Processes  of  Rh(III)  Ammines 

Photochemical  and  photophysical  studies  have  been  reported  on 
various  rhodium(III)-ammine  complexes.  Included  among  these  are 
Rh(NH3)5X2+  (X  =  halogen)5'6,  RhA4X2+  (A4  =  (NH^,  (py>4,  (en>2, 
(bipy)2,  or  (phen>2;  X  =»  CI,  Br,  or  I)7,  and  Rh(NH  >5L3+  (L  -  a  neu- 
tral nitrogen  coordinating  base)  '  '   .  Unlike  its  first  row  homolog 

1   c  r 

Co(III)  '  '  ,  Rh(III)  complexes  have  been  shown  to  be  photo chemically 

more  reactive  upon  ligand  field  excitation  (quantum  yield  values 

-4  3+ 

range  from  -2  x  10   to  0.1  for  certain  Co (MI  )  L   complexes  and  from 

3+ 
0.02  to  0.9  for  analogous  Rh(NH-)  L   complexes. 

The  halopentaamminerhodium(III)  complexes  undergo  photoaquation 

in  aqueous  solution  when  the  LF  bands  are  irradiated.  The  ligand 

which  is  labilized,  however,  depends  upon  which  halogen  is  present  ii. 

the  complex.  For  X  »  CI,  the  chloride  is  replaced  as  in  equation  (23), 

Rh(NH3)5Cl2+ flbj  >  Rh(NH3)50H23+  +  Cl~  (23) 

and  for  X  -  I,  irradiation  results  in  labilization  of  an  ammine  ligand 
(equation  24).  When  the  halogen  is  Br,  both  NH  and  Br~  can  be  labil- 

Rh(NH3)5I2+ ^ >trans-Rh(NH3)4OH2I2+  (24) 


10 


Figure  20   Energy  level  diagram  (d6,  0,  )  illustrating  internal  conver- 
sion/intersystem  crossing  from  a  directly  irradiated  excited  state 
to  a  lower  energy  excited  state,   i.e.,  internal  comversion;  i„s0c., 
intersystem  crossing;  k  ,  photoreaction;  kn  and  kr,  nonradiative 
and  radiative  deactivation,  respectively. 


11 

lzed.  The  photoreaction  In  equation  (23)  has  also  been  found  to  occur 
Indirectly  as  a  result  of  photosensitization.   Irradiation  of  biacetyl 

solutions  containing  effectively  non-absorbing  quantities  of  Rh(NH  )  - 

2+  3+ 

Cl   leads  to  formation  of  Rh(NH3)  OH    and  quenching  of  the  biacetyl 

phosphorescence.  From  varying  the  concentration  of  the  quencher,  Kelly 

and  Endicott  have  concluded  that  the  photochemical  reaction  in  equation 

(23)  occurs  from  the  triplet  LF  state  and  that  the  intersystem  crossing 

quantum  yield  is  near  unity. 

Ligand  field  photolyses  of  RhA  X2+  (a  =  (NH  ).,  (py),,  (en) 
(bipy)2,  or  (phen)2;  X  -  CI,  Br,  or  I)  in  aqueous  solution  led  to 
photoaquation  of  the  halide.   In  addition,  when  A,  ■  (en)   or  (NH  )   , 
and  X  =  CI,  it  has  been  observed  that  photoaquation  of  the  cis  isomers 
can  be  accompanied  by  isomerization  to  form  the  trans  products.  Photo- 
substitution  reactions  of  the  trans  compounds  led  to  stereoretentive 
products. 

The  ligand  field  irradiation  of  Rh(NH3)5L3+,  where  L  is  NH  ,  py, 

bzn,  or  acn,  results  in  photoaquation  of  the  unique  ligand,  L,  ?.s  the 

9  10 

major  photoreactive  pathway.      Table  I  summarizes  the  photoc.  araical 

and  photophysical  data  for  various  Rh(NH-)  L   complexes.  The  absor- 
bance  maxima  of  the  various  Rh(NH3)5L   complexes  are  not  greatly  af- 
fected by  changing  the  unique  ligand  L  or  substituents  on  L.  The 
quantum  yields,  however,  are  somewhat  affected,  with  the  $  values 

I* 

varying  approximately  inverse  to  the  basicity  of  the  ligand.  E  ,  the 
energy  of  the  emitting  state  (presumed  to  be  the  Ea  state)  is  calcu- 
lated from  emission  data  (equation  25),  and  tends  to  decrease  with 

*T  "  Vmax  +  i-WAVjj  (25) 


Table  I.  Photochemical  and  Photophysical 
Properties  of  KhQlHj) _L   Complexes. a 


a  Reference  9 

b  pK  of  free  ligand 

C  ^irr  =  ^^   nra»  dilute  aqueous  solution 

d  At  77°  K  in  MeOH/H-0  (4/1,  v/v)  glass 
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L 

nax 
(nn) 

pKa(L)b 

(moles/ein.) 

E  d 
T 

(kK) 

mi 

3 

305 

9.3 

0.075 

21.2 

4-!lepy 

302 

6.0 

0.091 

21.4 

py 

302 

5.3 

0.14 

21.0 

3-Clpy 

302 

2.8 

0.34 

20.0 

bzn 

300 

—10 

0.35 

21.2 

acn 

301 

~-10 

0.47 

20.3 

13 

3+ 
decreasing  ligand  basicity.  Thus,  for  Rh(NH  )  L   complexes,  the 

unique  ligand  L,  or  variations  in  substituents  on  L,  affects  to  a 

minor  extent  the  quantum  yield  values  and  the  energy  of  the  emitting 

state.   In  all  cases  observed,  however,  the  primary  photoreactive 

pathway  was  aquation  of  L. 

E.  Photochemical  Processes  of  Ruthenium(II)  Ammines 

The  absorption  spectrum  of  Ru(NH  )cpy   is  dominated  by  an  inter- 

3  -1  -1 
nal  ligand  tt*  -«-  it  band  at  244  nm  (.^vaax   =  4.56  x  10  M  cm  )  and  a 

MLCT  band  at  407  nm  (e  v  =  7.78  x  103  M~1cm"1) .    Irradiation  of  the 

max  ' 

MLCT  band  of  this  complex  results  almost  exclusively  in  photosubstitu- 

8,12,13 


tion  reactions  (equation  26) . 


2+ 


Ru(NH3)  py   +  HO  -^<  J  J     *  (26) 

k  cis-  and  trans-Ru(NH  )  - 


H20py2+  +  NH3 

The  cis  and  trans  aquopyridine-Ru(II)  products  in  equation  (26) 

have  MLCT  bands  similar  in  wavelength  and  intensity  to  that  of  the 

3  -1  -1 
starting  material  (cis,  400  nm,  e  =  6.6  x  10  M  cm  ;  trans,  403  i 

e  **   7.8  x  10^  M  cm  ).    Therefore,  a  quantum  yield  calculation  ba.  id 

on  the  spectrochemical  disappearance  of  the  MLCT  band  would  approximate 

2+ 

the  photoaquation  of  pyridine  to  form  Ru(NH  )_0H2   (which  is  essentially 

transparent  in  the  visible  region) . 

The  excited  state  MLCT*,  resulting  from  charge  transfer  excitation, 

RuIII(NH3)5N'<  ™* 
MLCT* 
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can  be  conceptualized  as  the  oxidized  metal  ion  bound  to  a  radical  an- 
ion pyridine  ligand.  Ru(III)  amine  complexes  are  characteristically 
inert  to  substitution  reactions  *,  so  it  is  presumed  that  MLCT*  would 
not  inherently  lead  to  photosubstitution  reactions.  Thus,  it  has  been 
proposed  '   that  a  ligand  field  state,  lower  in  energy  than  the  charge 
transfer  state,  is  responsible  for  the  photoaquatlon  of  the  pyridine. 

Changes  in  L  or  in  substituents  on  L  have  dramatic  effects  on  the 
MLCT  band  maxima  of  Ru(HH-),-L2+,  with  the  more  electron-withdrawing 
groups  red-shifting  the  band,  and  electron-donating  groups  resulting  in 

Q 

blue-shifts.   It  is  assumed  that  variation  of  the  substituent  on  L  does 
not  substantially  affect  the  energies  of  the  LF  bands,  similar  to  ob- 
servations made  on  the  Rh(III)  complexes.    Ford  and  coworkers8'13 
have  prepared  and  photolyzed  various  Ru(NH.)  L   complexes  in  an  effort 
to  "tune"  the  MLCT  excited  state  to  be  above  or  below  the  LF  excited 

state.  Table  II  summarizes  their  data.  Those  complexes  with  \       (MLCT) < 

max 

460  nm  have  quantum  yield  values  of  0.02  -  0.05  moles/ein.  for  the  photo- 
aquation  of  L,  and  have  been  termed  "reactive".   In  these  complexes,  the 

3  a  3 

E  (  T^   in  0h)  state  is  proposed  to  lie  at  an  energy  lower  than  tha"; 

3 
of  the  CT,  and  thus  the  photoreaction  occurs  out  of  the  lowest,  or  Sa, 

excited  state.  The  "unreactive"  complexes,  those  with  X    >  490  nm  and 

max  — 

%y-X  values  less  than  3  x  10~  moles/ein.,  have  the  relatively  nonlabile 
3 

CT  as  the  lowest  energy  excited  state.  Figure  3  shows  simplified  ex- 
cited-state diagrams  representing  the  proposed  mechanisms  for  the  re- 
active and  unreactive  cases.   (These  diagrams  differ  In  energy  level 
positioning  from  the  mechanism  proposed  as  a  result  of  this  research. 
This  mechanism  will  be  presented  and  discussed  in  the  Discussion  section.) 
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Table  II.   Spectroscopic  Quantum  Yields  for  the  Photoaquation 
of  Ru(ITH3)cL   In  Aqueous  Solution.' 


\n«CCT)' 


max 


<o>- 
<2>, 


■a 


ci 


C-HH- 
II  2 
0 

CI 


398 
408 
426 

427 


«© 


CF3 


447 


454 


^irr 
405 

405 

436 

433 


450 


455 


*lc 


37  ±  3 
45  ±  2 
48  ±  2 

8.5  ±  0.2 


N^O/N 

472 

475 

*@f***2 

479 

480 

/ — \  a 
N '  O/-C-0-CH3 

495 

500 

\OVc-CH3 

523 

520 

NxO/TTCK3 

540 

540 

\0^~h 

545 

546 

Reference  8 

in  nm 

in  moles/ein.    (x  10  ) 

42  ±  2 

22  ±  5 

1.4  ±  0.1 
1.07  ±  0.04 
0.28  ±  0.04 
0.25  ±  0.06 
0.04  ±  0.01 
0.05  ±  0.01 
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Figure  3.   Excited-state  diagrams  illustrating  the  proposed  mechanism 

for  the  photoreaction  of  Ru(NH..)5py-X2+.  k±,    internal  conversion/ 
intersystem  crossing;  kn  nonradiative  deactivation., 
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F.  Binuclear  Complexes 

Blnuclear  complexes  have  played  an  important  part  in  various  as- 
pects of  inorganic  chemistry.   Compounds  have  been  formed  in  which  the 
transition  metal  centers  are  connected  by  metal-metal  bonds,  bridging 
ligands,  or  with  some  combination  of  metal-metal  bonds  and  bridging 
ligands.15'16 

One  aspect  in  which  binuclear  complexes  have  an  important  role  is 
in  the  study  of  inner  sphere  electron  transfer  systems.  In  this  pro- 
cess, the  oxidant  and  the  reductant  share  a  ligand  in  their  inner  co- 
ordination spheres  and  the  electron  transfer  occurs  across  the  bridging 
ligand  (equations  27-29) . 

Precursor  formation: 

Ox-X  +  Red(H20)  >  Ox-X Red  +  H  0  (27) 

Activation  and  electron  transfer: 

Ox-X Red >  Ox" X-Red+  (28) 

Dissociation: 

Ox" X-Red+  +  HO >  Ox(H  0)~  +  X-Red+  (29) 

The  bridging  ligand  involved  in  this  process  can  vary  fro:  a  simp] 
ligand,  where  a  single  atom  serves  as  the  bridge  (such  as  halic  ^s,  OR, 
SR,  NR^,  and  PR~)  to  more  complicated  ligands  (including  organic  bridges 
such  as  carboxylate  or  carboxamide  complexes  (examples  1  and  2)). 


-ol/0\  fchi-m2 


l 


The  rates  of  reaction  depend  on  a  variety  of  factors  including  steric 
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effects  of  the  bridge,  the  point  of  attack  on  the  bridge,  and  the  re- 
ducibility  of  the  bridging  ligand. 

Dissociation  of  the  intermediate  binuclear  complex  depends  upon 
the  substitutional  lability  or  inertness  of  the  metal  ions  involved. 
In  equation  (30),  for  example,  the  Cr(II)  reactant  is  labile,  with  the 


(NH3)5ColfoV(j;=0  3+  +  Cr(H20)  2+- 


im2 

Co(H20)62+  +  N^^-9=0-Cr(H20)5  3+  +  5NH       (30) 


NH2 

coordinated  HO  ligands  undergoing  rapid  exchange  with  the  solvent 
molecules.  Upon  transfer  of  an  electron  from  Cr(II)  to  Co(III),  the 
lability  is  also  "transferred".  The  resulting  Co (II)  labilizes  its 

ammine  and  bridging  ligands,  and  thus  the  binuclear  intermediate  dis- 

.  fc      ...  17,18 
sociates  rapidly. 

In  contrast  to  the  rapid  binuclear  dissociation  is  the  reaction 

shown  in  equation  (31).  Neither  the  Ru(II)  nor  the  Cr(III)  metal  centers 

(NH3)5Rul(5Vc=0  3+  +  Cr(H20)  2+ > 

NH2 

(NH3)  Ru3^5)-C-0-Cr(H  0)  C 

mi2 

in  the  binuclear  product  are  very  labile,  so  dissociation  of  the  binu 
clear  complex  in  solution  occurs  only  slowly  to  give  (HH  ),-RunOVc=0 
and  Cr(H20)63+.17'18  2 

Another  binuclear  complex  which  has  been  extensively  Investigated 
is  the  mixed  valence  ion  (NH  )  Ru(pyz)Ru(NH  )    .   '    Interest  in  this 
complex  has  focused  upon  determination  of  the  electronic  structure  of 
the  ion.  Two  possibilities  exist  for  the  structure  of  the  ground  state. 
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The  complex  could  have  a  symmetrical  delocallzed  arrangement  (conceptu- 

alized  as  Ru  "  -pyz-Ru   )  or  an  unsymmetrical  structure  in  which  the 

2+      3+ 
metal  ions  are  "trapped"  in  distinct  oxidation  states  (Ru  -pyz-Ru  ) . 

20 
Hush,  et.  al.   ,  have  reported  results  of  near- infrared,  infrared,  and 

X-ray  photoelectron  spectra  which  are  consistent  with  the  symmetrical 

delocallzed  configuration  for  the  ground  state  complex. 

21 
Recent  studies  "  have  also  shown  the  ability  of  the  dipositive  ion 

2+ 
pentaaraminepyrazineruthenium(II) ,  Ru(NH  )5pyz  %   to  act  as  a  ligand  and 

form  binuclear  complexes  with  various  aqueous,  first-row  transition 

metal  ions.  Equilibrium  studies  have  been  reported  on  the  complexes 

of  aickel(II),  copper(II),  and  zinc(II)  with  the  Ru(NH  )5pyz2+  ligand.21 

In  addition,  photo-induced  intramolecular  electron  transfer  studies 

22 
have  been  performed  on  these  complexes.  Flash  photolysis   of  the 

Ru  (pyz)Cu   complex  results  in  transient  bleaching  of  the  JtLCT  band 

and  this  is  believed  to  represent  the  photo-stimulated  electron  transfer 

III      I 
to  form  Ru   (pyz)Cu  ,  followed  by  the  redox  regeneration  of  the  start- 
ing material. 


G.  Nomenclature 

23 

A  modification  of  the  ft  convention   is  used  to  designate  the 

coordination  sites  of  those  bidentate  ligands  in  which  there  may  be 
uncertainty  as  to  which  position  is  bound  to  the  metal  in  the  complexes 
of  this  study.  Since  both  coordinating  sites  of  pyrazine  are  equivalent, 
no  designation  is  needed  for  this  ligand.  4-Cyanopyridine,  on  the  other 
hand,  can,  potentially,  coordinate  at  either  the  pyridine  or  the  nitrile 
position. 

In  the  ft  convention,  the  ligating  atom  is  designated  by  its  italic 
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atomic  symbol,  preceded  by  the  Greek  letter  ft.  This  specification  is 
placed  directly  after  (and  separated  by  a  hyphen  from)  that  portion  of 
the  ligand  name  which  contains  the  ligating  atom.  Examples  3  and  4  il- 
lustrate  the  two  possibilities  for  4-cyanopyrldine. 


NH-  3+ 

H3*uJ  ym3 


H3?*/  |  SnO\-CN 
(4-cyanopyridine-Q//)pentaamminerhodium(III) 


Nil  3+ 

h3ik%  |  ^jih3 
rjP  I  Vic-(c)n 


NH3 

(4-cyano-f2//-pyridine)pentaamminerhodiuni(III) 

4 

When  the  bidentate  ligand  bridges  two  metal  centers,  the  atomic 
symbol  of  the  metal  to  which  the  site  is  bound  is  included  in  paren- 
theses following  the  ligating  atom  designation.  The  conventional  use 
of  y  to  indicate  a  bridging  ligand  will  also  be  included.  Example  5 


NH3  5+ 


EX  |  ,NH- 

H3N</|%fOW   \\mh 

Nil,     V— /       >luC       J 

3        h3i/  |  Vi 

NII3        J 
y-(4-cyano-n'/(Ru)-pyridine-^//(Rh))decaamminerhodiura(III)ruthenium(II) 

5 
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illustrates  this  method  for  a  binuclear  complex. 

When  a  formula  symbol  is  used  to  represent  a  complex,  the  4-cyano- 

pyridine  abbreviation,  pyCN,  will  be  written  such  that  the  coordinating 

3+ 
site  is  nearest  the  metal  designated.  For  example,  [Rh(NH  )  pyCN]   in- 

3+ 
dicates  pyridine  coordination,  whereas  [Rh(NH,),-NCpy]   represents  ni- 

trile  coordination.   In  the  binuclear  complex  [(NH  )<-Rh(pyCN)Ru(NH  )_]   , 
the  rhodium  metal  center  is  bound  to  the  pyridine  position  and  the  ru- 
thenium is  coordinated  to  the  nitrile  site. 

H.  Statement  of  the  Problem 

While  many  studies  have  been  performed  on  intramolecular  electron 
transfer  precursors,  little  work  has  been  done  on  binuclear  intramole- 
cular energy  transfer  reactions.  Our  aim  was  to  develop  a  binuclear 
system  which  would  undergo  this  type  of  energy  transfer  reaction. 

Three  major  characteristics  are  important  in  developing  this  sys- 
tem. First,  one  of  the  bridged  metals  should  have  an  absorption  band 
which  is  highly  absorbing  but  relatively  nonreactive.   Irradiation  of 
the  binuclear  complex  would  be  directed  at  this  band.  Second,  the 
other  metal  should  have  bands  of  low  extinction  coefficients,  but  one 
the  excited  states  should  be  highly  reactive.  Reaction  of  the  binucl. 
species  would  be  expected  from  this  state  following  excitation  at  the 
other  center  if  the  energy  transfer  is  effective.  Last,  the  excited 
states  attributable  to  each  of  the  metals  should  be  at  similar  energies 
in  order  for  the  energy  transfer  to  occur  easily. 

Various  mononeric  systems  were  reviewed  to  determine  which  could 

best  be  combined  to  form  a  binuclear  system  that  would  exhibit  the  intra- 

2+ 
molecular  energy  transfer.  Ru(NH_)_L   complexes  have  intense  MLCT  bands 
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which  would  fulfill  the  first  requirement  of  our  plan  of  being  highly 

absorbing.  Variation  of  the  ligand  L  can  also  result  in  the  monomer 

3+ 
being  relatively  nonreactive.  Rh(MI  )L   complexes  do  not  exhibit  the 

MLCT  bands  characteristic  of  their  ruthenium(II)  homologs,  but  do  have 
highly  reactive,  low  absorbing  LF  bands.  This  type  of  monomer  would 
fulfill  the  second  requirement.   In  addition,  these  rhodium  and  ruthen- 
ium complexes  have  excited  states  at  similar  energy  levels,  which  makes 
an  intramolecular  energy  transfer  feasible. 

Pyrazine  and  4-cyanopyridine  x/ere  chosen  as  L  ligands  to  bridge 
the  Rh(III)  and  Ru(II)  components  to  form  two  binuclear  complexes. 
The  spectra  of  both  [(NH^BMpyz^OlH^]  [CIC^]  and  [(NH  )  Rh(pyCN)- 
Ru(NH  )  ][C10  ]  exhibit  MLCT  bands,  which  are  mostly  Ru11!  in  charac- 
ter, occurring  in  the  visible  region.   Internal  ligand  bands  exhibited 
in  the  untraviolet  region  obscure  the  LF  bands,  attributable  to  the 
Rh(III)  component,  which  are  expected  in  that  region. 

Population  of  the  MLCT  excited  state  of  the  binuclear  complexes 
is  not  expected  to  result  in  a  significant  amount  of  cleavage  of  the 
Ru-L  bond  due  to  the  unreactive  nature  of  the  Ru(II)  component.  If  ar 
intramolecular  energy  transfer  can  occur  from  the  Ru(II)  to  the  Rh(I"  ) 
after  MLCT  (Ru)  irradiation,  then  the  anticipated  reaction  would  be 
cleavage  of  the  Rh-L  bond,  the  reaction  which  would  be  expected  upon 
LF  (Rh)  irradiation.  An  intramolecular  electron  transfer  is  not  ex- 
pected to  complicate  the  results  since  Rh(III)  does  not  readily  undergo 

9 

redox  reactions. 


EXPERIMENTAL 
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A.  Materials 

Rhodium  trichloride  trihydrate  and  ruthenium  trichloride  trihydrate 
were  purchased  from  Matthey-Bishop,  Inc.,  and  were  used  without  further 
purification.  Reagent  grade  pyrazine  and  4-cyanopyridine  were  used  as 
obtained  from  Aldrich  Chemical  Company,  Inc.  Water  used  in  syntheses, 
spectral  determinations,  and  quantum  yield  determinations  was  redis- 
tilled from  alkaline  permanganate  in  an  all  glass  apparatus.  Purity  of 
the  complexes  after  recrystallization  was  determined,  when  possible,  by 
comparison  of  their  absorption  spectra  with  published  data. 

B.  Syntheses 

1.  Chloropentaamrainerhodium(III)  chloride,  [RhOlH  )  C1]C19:  The 

j  5     * 

o  / 

procedure  of  Anderson  and  Basolo   was  used.  Three  grams  (0.11  mole) 
of  RhCl3»3H20  was  dissolved  in  40  ml  of  water,  followed  by  the  addition 
of  10  g  (0.187  mole)  of  ammonium  chloride.  7.5  g  (0.078  mole)  of  ammon- 
ium carbonate,  which  had  been  pulverized  to  a  powder,  was  added  slowly 
to  the  reaction  mixture  (due  to  immediate  evolution  of  CO  and  ffl9L) . 
The  blood-red  solution  was  heated  in  a  hot  water  bath  for  three  .ours, 
during  which  time  it  turned  to  a  yellow  color.  The  solution  w&d  coole 
and  the  golden  yellow  product  which  had  formed  was  collected  on  a  fil- 
ter. The  crystals  were  washed  with  approximately  125  ml  of  boiling 
hydrochloric  acid:  water  (2:1  by  volume)  solution  to  remove  the  by- 
product, trans-dichlorotetraamminerhodium(III)  chloride  (which  dissolves 
in  the  hot  8  II  HC1,  but  will  precipitate  when  the  filtrate  is  cooled). 
Then,  the  pale  yellow  product  remaining  on  the  filter  was  recrystallized 
from  a  minimum  amount  of  boiling  water,  the  filtrate  was  cooled,  and 
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the  crystals  were  collected,  washed  with  ethanol  then  ether,  and  dried 

under  vacuum. 

Yield:  1.799  g  (6.1  mole,  49.9%) 

Xnax  (nra)»  e  CM^cm"1):  347,  95.6;  274,  113  (literature  values25: 

345,  102;  277,  109) 

2.  Aquopentaamrainerhodium(III)  perchlorate,  [Rh(NH  )  H  0] [CIO  ]_ : 
This  synthesis  followed  the  procedure  reported  by  Bushnell,  et.  al. 
One-half  gram  of  [Rh(NH3)5Cl]Cl2  was  added  to  5  ml  of  1  N  NaOH  in  a 
small  beaker.  This  solution  was  heated  at  90°  C  for  30  minutes,  after 
which  it  was  cooled,  and  ~5  ml  of  concentrated  perchloric  acid  was  added 
to  precipitate  the  fine  white  crystals  of  [PJi(NH3)5H20]  [CIO,  ]  .  This 
product  was  collected,  washed  with  ethanol  then  ether,  and  dried  under 
vacuum. 


Yield:  0.802  g  (1.6  mmol,  94%) 

Xmax  (nm),  e  (M~  cm  ):  316,  106;  262,  95  (literature  values9:  316, 

104;  263,  89) 

3.  Pentaamminepyrazinerhodiun(III)  perchlorate,  [Rh(NH  )  pyz]- 
[CIO,]  :  The  method  described  by  Creutz  and  Taube   was  used  for  this 
synthesis.  Aquopentaamminerhodium(III)  perchlorate,  0.313  g  (0.62  mi  :>1) , 
was  dissolved  in  a  solution  containing  0.6  g  (5.75  mmol)  pyrazine  in 
5  ml  dimethyl formamide  and  placed  in  a  10  ml  round  bottom  flask,  which 
was  fitted  with  a  water-cooled  condenser.  The  solution  was  heated  in 
the  dark  at  90-100°  in  an  oil  bath  for  28  hours.  Dimethylformamide  was 
stripped  from  the  solution  using  a  rotary  evaporator,  leaving  a  pale 
yellow  oil  behind.  This  oil  was  treated  alternately  with  ethanol  and 
ether,  and  the  container  was  scratched  with  a  glass  rod  until  crystal 
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formation  had  been  induced.   The  white  crystals  which  formed  were  re- 
crystallized  from  hot  water,  collected,  and  washed  with  ethanol  then 
ether,  and  dried  under  vacuum. 
Yield:   0.1035  g  (0.19  nmol,  45.2%) 

Xmax  (aTn)>  G  CM  cm"*  )  J   263,  0.59  x  10  (literature  value19:   262, 
0.596  x  104) 


4.   Chloropentaammineruthenium(III)  chloride,  [Ru(?ni_)  C1]C1_: 
This  compound  was  synthesized  following  the  method  of  Clarke  . 
Three  grams  (11.4  mmol)  of  ruthenium  trichloride  trihydrate  was  dis- 
solved in  37  ml  of  water,  and  30  ml  of  hydrazine  hydrate  (85%)  was 
added  slowly  with  stirring.  This  mixture  was  refluxed  for  2  hours, 
then  cooled.  The  golden  yellow  crystals  which  formed  were  collected 
and  washed  repeatedly  with  1.5  N  TIC1  to  remove  the  ammonium  chloride 
by-product.  The  product  was  recrystallized  from  hot  0.1  N  HC1,  and  a 
large  excess  of  concentrated  HC1  was  added  to  the  filtrate  to  cause 
precipitation.   The  crystals  were  collected,  washed  with  ethanol  then 
ether,  and  dried  under  vacuum. 
Yield:   2.467  g  (8.4  mmol,  73.5%) 
Xmax  (nm)>  e  &  cm-1):  327,  1470  (literature  value28:  328,  3 J30) 

5.  u-Pyrazinedecaamninerhodium(III)ruthenium(II)  perchlorate, 

[(NH3)5?Ji(pyz)nu(NII3)5][C104]5:  The  method  described  by  Creutz  and 

19 
Taube   was  used  for  the  synthesis  of  this  compound.  The  apparatus 

for  this  synthesis  is  illustrated  in  Figure  4.  A  solution  of  0.128  g 

(0.23  mmol)  of  pentaamrainepyrazinerhodium(III)  perchlorate  in  4  ml  of 

water  was  passed  through  a  5  cm  column  of  Bio-Rad  Anion  Exchange  Resin 

Dowex  1-X4  (200-400  mesh)  in  the  chloride  form.  The  eluates  were 
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Ruthenium  solution 
Amalgamated  zinc 


Rhodium  solution 


A:  Argon  inlet 

B:  Three-necked,  round  bottom  flask 

C:  Pressure-equallizing  dropping  funnel 

D:  Stopper 


Figure  4.   Schematic  diagram  of  apparatus  used  in  the  syntheses  of 
binuclear  complexes. 
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monitored  spectrophotometrically  to  maintain  a  high  concentration  of 
the  rhodium  complex,  and  were  then  placed  in  the  three-necked  round- 
bottom  flask. 

Seven  milliliters  of  0.1  N  sulfuric  acid  and  0.03  g  (0.27  omol)  of 
chloropentaammineruthenium(III)  chloride  were  combined  with  a  few 
pieces  of  amalgamated  zinc  in  the  pressure-equalizing  dropping  funnel. 
Argon  (scrubbed  by  passage  through  a  Cr(II)  solution)  was  bubbled  into 
the  rhodium  solution  and  simultaneously  through  the  ruthenium  solution 
(by  carefully  opening  the  stopcock  of  the  dropping  funnel)  for  0.5  hr. 
During  this  time,  the  ruthenium (I II)  was  reduced  to  Ru(II)  by  the  zinc 
amalgam,  and  the  chloro  ligand  was  labilized.  The  two  solutions  were 
then  combined,  and,  within  a  short  time  after  mixing,  the  pale  yellow 
solution  gradually  turned  a  dark  pink  color.  The  flask  was  stored 
under  argon  at  ~5°  C  overnight. 

The  following  morning,  the  flask  was  opened  to  the  air  and  6  ml  of 
saturated  UaClO^  was  added  to  the  solution.  The  flask  was  again  cooled, 
and  fine,  dark  purple  crystals  formed.  The  product  was  collected  and 
washed  with  ethanol  then  ether,  and  dried  under  vacuum. 
Yield:   0.0974  g  (0.102  mmol,  452) 

Xmax  (nm)»  e  O1"1™"1):  523,  1.26  x  104;  264,  0.56  x  104  (literature 
values19:  528,  1.8  x  104;  263,  0.65  x  104) 

6.   (4-cyanopyridine-n/!7)pentaamminerhodium(III)  perchlorate, 
[Rh(NH3)5pyCN][C104]3:  This  synthesis  is  a  modification  of  the  forma- 
tion of  pentaamminepyridinerhodium(III)  perchlorate  as  described  by 

q 
Petersen,  et.  al.   Aquopentaamminerhodium(III)  perchlorate,  0.2  g 

(0.4  mmol),  and  8  ml  of  dimethylacetamide  were  combined  in  a  round- 
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bottom  flask  which  was  fitted  with  a  water-cooled  condenser.  This  solu- 
tion was  heated  in  an  oil  bath  at  100-110°  C  for  2  hours,  then  cooled 
to  85°.  One  gram  (9.6  mraol)  of  4-cyanopyridine  was  added,  and  the  mix- 
ture was  heated  at  85°  for  another  6  hours.  The  hot  solution  was  filtered 
through  a  prewarmed  filter,  then  added  to  100  ml  of  isobutanol,  and  the 
resulting  suspension  was  cooled  overnight.  The  white  crystals  which 
formed  were  collected,  washed  with  ethanol  then  ether,  and  dried  under 
vacuum.   Carbon-13  TTTIR  spectroscopy  was  used  to  confirm  formation  of 
the  pyridine  bound  isomer. 
Yield:  0.156  g  (0.26  mmol,  65.6%) 

Xmax  (nm:>»  e  O^c*""1):   259,  0.66  x  104 

Anal:   calculated  for  [Rh(NH3)  pyCN] [C104]5'H20:  N,  16.11%;  C,  11.84%; 

H,  3.48%.  Found:  H,  15.94%;  C,  11.84%;  H,  3.76%. 

7.   (4-cyano-£17-pyridine)pentaammineruthenium(II)  perchlorate, 
[Ru(!TH-)pKCpy] [CIO, ]  :  Note — ruthenium  perchlorates  are  potentially 

explosive.  They  should  be  handled  in  small  quantities  and  with  caution. 

29 
The  procedure  given  by  Clarke  and  Ford   was  followed  to  prepare  this 

compound.  A  solution  of  silver  trifluoroacetate  was  made  by  dampening 

Ag20  (0.06  g,  0.25  mmol)  with  2  ml  of  water,  and  adding  trifluoroacetic 

acid  dropwise  until  most  of  the  Ag^O  had  dissolved.  This  solution  was 

filtered  into  a  beaker  and  digested  with  0.1  g  (0.34  mmol)  of  [Ru(NH,)5- 

C1]C1  .  The  mixture  was  filtered  to  remove  the  resulting  AgCl  and  the 

filtrate  was  combined  with  0.3  g  (2.9  mmol)  of  4-cyanopyridine,  0.5  g 

of  amalgamated  zinc,  and  trifluoroacetic  acid  to  give  [H  ]  -   0.5  II.  The 

dark  reddish-purple  solution  which  formed  was  stirred  for  0.5  hr.,  then 

filtered.   Saturated  NaCIO,  solution  was  added  to  the  filtrate  to 
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precipitate  reddi3h-brown  crystals.  The  crude  solid  was  recrystallized 

from  a  minimum  of  hot  water,  and  the  purified  crystals  obtained  were 

washed  with  ethanol  then  ether,  and  dried  under  vacuum. 

Yield:  0.07  g  (0.14  mmol,  42%) 

Xmax  <nQ).  e  <M~  cm"1):  424,  0.784  x  10  ;  252,  1.15  x  10*  (literature 

values29:  425,  0.537  x  104;  253,  0.891  x  104) 

8.  y-(4-cyano-fi/7(Ru)-pyridine~^/(Rh))decaamminerhodium(III)- 
ruthenium(II)  perchlorate,  [(NH3)5Rh(pyCN)Ru(NH3)5] [CIO, ]5:  The  syn- 
thesis of  this  complex  is  a  modification  of  the  procedure  given  by 

19 
Creutz  and  Taube  '  for  the  preparation  of  y-pyrazinedecaamminerhodium- 

(IH)ruthenium(II)  perchlorate.  The  apparatus  for  this  synthesis  is 
illustrated  in  Figure  4.  A  0.120  g  (0.21  mmol)  sample  of  (4-cyanopyr- 
idine-fi/V)pentaamminerhodium(III)  perchlorate  was  dissolved  in  5  ml  of 
water,  and  was  passed  through  a  5  cm  column  of  Bio-Rad  Dowex  1-X4  anion 
exchange  resin  in  the  chloride  form.  The  eluates  were  monitored  spectro- 
photometrically  to  maintain  a  high  concentration  of  the  complex.  The 
rhodium  complex  solution  was  placed  in  the  three-necked  flask.   [Ru(NH~)5- 
C1]C12,  0.08  g  (0.27  mmol),  was  dissolved  in  7  ml  of  0.1  N  sulfuric  acid, 
and  added  to  the  pressure-equallizing  dropping  funnel  which  contained  a 
few  pieces  of  amalgamated  zinc.  Argon  (scrubbed  with  Cr(II))  was  bub- 
bled into  the  rhodium  solution  and  simultaneously  through  the  ruthenium 
solution,  by  slightly  opening  the  stopcock  of  the  funnel,  for  0.5  hr. 
During  this  time  the  ruthenium(III)  was  reduced  to  ruthenium(II)  by  the 
zinc  amalgam,  and  the  chloride  ligand  was  labilized.  The  two  solutions 
were  then  combined  under  argon,  and,  within  a  short  time  after  mixing, 
the  pale  yellow  solution  gradually  turned  an  intense  purple  color.  The 
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flask  was  stored  under  argon  at  ~5°  C  overnight. 

The  next  morning,  the  flask  was  opened  to  the  air,  and  3  ml  of 
saturated  XaCIO,  solution  was  added.  The  dark  purple  crystals  which 
formed  were  collected  on  a  sintered  glass  filter,  washed  with  ethanol 
then  ether,  and  dried  under  vacuum. 
Yield:   0.158  g  (0.16  mnol,  77%) 

X^  (an),  e  ftfW"1):  408,  0.946  x  104;  259,  1.39  x  104 
Anal:  calculated  for  [(NH3)5Rh(pyCN)Ru(NK3)5]  [ClO^:   C,  7.39%;  N, 
17.23%;  H,  3.49%.  Found:  C,  7.81%;  M,  16.46%;  H,  3.32%. 

The  remaining  compounds  described  in  this  section  were  not  char- 
acterized, and  do  not  appear  in  the  Results  or  Discussion  sections. 

9.  4-cyanopyridinium  trifluoroacetate,  4-NCpyH  -CF3C02~:  One 
gram  (9.6  mmol)  of  4-cyanopyridine  was  dampened  slightly  with  water, 
then  1  ml  of  trifluoroacetic  acid  was  added.  The  solution  was  stirred 
to  dissolve  all  crystals.  Additional  small  crystals  of  4-cyanopyridine 
were  added,  one  at  a  time,  and  dissolved,  until  a  white  precipitate  be- 
gan to  form.  The  solution  was  cooled,  then  the  product  was  collected, 
washed  with  a  minimum  of  ether,  and  dried  under  vacuum. 

Yield:  0.975  g  (4.5  mmol) 

10.  Azidopentaamminerhodium(III)  perchlorate,  [Rh(NH3)5N3]  [ClO^: 
This  complex  was  synthesized  following  the  procedure  given  by  Reed, 
Gafney,  and  Basolo30.  A  0.5  g  (1.0  mmol)  sample  of  [Rh(NH3)5H  0]  [ClO^ 
was  combined  with  0.5  g  of  NaN,  in  50  ml  of  water  and  heated  at  reflux 
for  1  hr.  The  volume  of  the  solution  was  reduced  to  5  ml,  using  a  ro- 
tary evaporator,  and  10  ml  of  a  solution  of  5%  llaCIO,  in  methanol  was 
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added.  The  crude,  yellow  crystals  which  formed  were  recrystallized  by 
dissolving  in  a  minimum  of  hot  water,  then  adding  5%  NaCIO,  in  methanol 
until  the  solution  became  turbid.  The  solution  was  cooled  to  -0°  C, 
and  the  yellow  product  which  formed  was  collected,  washed  with  methanol 
then  ether,  and  dried  under  vacuum.  During  the  synthesis,  care  was 
taken  to  prevent  excessive  exposure  to  light,  and  the  fiber-like  cry- 
stals obtained  were  stored  in  a  vial  covered  with  foil  to  prevent  de- 
gradation by  light. 
Yield:   0.292  g  (0.68  ramol,  68.6%) 

X^pj  (nm),  e  (M-1cnf1):  334,  695;  250,  6930  (literature  values28:  335, 
~600;  250,  -5000) 

11.   (4-cyano-£2f/-pyridine)pentaamminerhodium(III)  perchlorate, 
[Rh(ITH-)  NCpy]  [C10/]  :  The  synthesis  of  this  compound  was  attempted 
from  two  different  approaches,  each  giving  a  different  result. 

a.  From  aquopentaamminerhodiun(III)  perchlorate:  This  synthesis 

25 

is  a  modification  of  a  procedure  described  by  Petersen   for  the  prepar- 
ation of  pentaamninepyridinerhodium(III)  perchlorate.   [RMNH-^cH^O]- 
[C10,]»,  0.2  g  (0.4  mmol) ,  was  combined  with  8  ml  of  dimethylacetamide 
and  a  few  molecular  sieves  (Type-4A) .  The  solution  was  heated  at  100- 
110°  for  2  hr.  in  a  flask  fitted  with  an  air-cooled  condenser.  The  so- 
lution was  then  cooled  to  85°,  and  one  gram  of  4-cyanopyridinium  tri- 
fluoroacetate  was  added.  The  temperature  was  maintained  at  85°  for  an 
additional  4  hr.,  after  which  the  solution  was  filtered  to  remove  the 
molecular  sieves,  and  added  to  100  ml  of  isobutanol.  The  white  sus- 
pension which  formed  was  cooled  at  ~5°  overnight.  The  following  morn- 
ing, the  white  crystals  were  collected  and  recrystallized  by  dissolving 
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in  a  minimum  of  hot  water  and  filtering  into  a  saturated  solution  of 
NaCIO,  in  methanol.  The  purified  crystals  were  collected,  washed  with 
ethanol  then  ether,  and  dried  under  vacuum. 

Yield  (based  upon  desired  product):  0.151  g  (0.26  nmol,  64.5%) 
K*v   (nm),  e  (M^cnf1) :  318,  167;  262,  248 

b.  From  azidopentaamminerhodium(III)  perchlorate:  A  modification 

31 
of  the  procedures  given  by  Jordan,  Sargeson,  and  TaubeJA  was  adapted  for 

this  synthesis.   [Rh(!IH3)  N3]  [C104]2  (0.15  g,  0.35  mmol)  was  partially 

dissolved  in  4  ml  of  triethylphosphate.  0.049  g  (0.38  mmol)  of  N0C10 

was  initially  added  to  the  mixture.  Then,  additional  small  amounts  of 

N0C10,  were  added  until  all  of  the  rhodium-aside  crystals  had  dissolved 
4 

and  reacted.  After  adding  0.32  g  (1.5  mmol)  of  4-cyanopyridinium  tri- 

fluoroacetate,  the  solution  was  stirred  at  room  temperature  for  2  hours. 

The  solution  was  added  to  50  ml  of  ether  to  form  a  white  suspension, 

which  was  cooled.  The  crude  product  was  collected,  washed  with  ether, 

and  dried  under  vacuum. 

Yield  (based  upon  desired  product):   0.085  g  (0.2  mmol,  41%) 

X    (nra),  £  (M  cm-  )  (of  unrecrystallized  product):   313  (sh) ,  112; 
max 

275,  1173 


12.  y-(4-cyano-n.V(Rh)-pyridine-Jl7(Ru))decaamminerhodium(III)ru- 
thenium(II)  perchlorate,  [(NH3)5Rh(NCpy)Ru(NH3)5]  [ClO^:  The  apparatus 
illustrated  in  Figure  5  was  used  in  this  synthesis.  A  0.1  g  (0.17  mmol) 
sample  of  what  was  believed  to  be  [Rh(NHo)_>TCpy] [CIO, ]_  (prepared  from 
[Hh(!TK_)5H20] [CIO, ]_)  was  dissolved  in  5  ml  of  water  and  washed  through 
a  5  cm  column  of  Bio-Rad  Dowex  1-X4  anion  exchange  resin  in  the  chloride 
form.  The  eluates  were  monitored  spectrophotometrically  and  placed  in 
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the  three-necked  flask.   [Ru(17II,  )5C1]C1  (0.08  g,  0.27  mmol)  was  dis- 
solved in  7  ml  of  0.1  H  sulfuric  acid,  and  reduced  over  amalgamated 
zinc  in  the  dropping  funnel  for  0.5  hr.,  while  argon  was  bubbled  through 
the  apparatus.  The  two  solutions  were  combined,  and  the  resultant  pale 
gold  solution  gradually  turned  a  dark  pink  after  approximately  ten  min- 
utes. The  flask  was  stored  under  argon  at  "5°  overnight. 

The  following  morning,  3  ml  of  saturated  NaCIO  solution  was  added 

4 

to  the  flask,  which  had  been  opened  to  the  air.  Additional  cooling  re- 
sulted in  the  formation  of  a  dark  purple  precipitate.  This  crude  pro- 
duct was  collected,  washed  with  ethanol  then  ether,  and  dried  under 
vacuum.  Attempts  to  recrystallize  the  product  by  dissolving  in  warm 
water  and  filtering  into  methanol  saturated  with  NaCIO,  resulted  in 
formation  of  crystals  which,  based  on  appearance  and  electronic  spectral 
data,  differed  significantly  from  the  crude  product,  and  were  assumed 
to  have  decomposed. 

Yield  (based  on  desired  product):   0.077  g  (0.03  mmol,  47%) 
XUKX   Can),  e  (if^m"1) :  408,  380;  299,  962;  270,  909  (recrystallized 
product:  433,  180;  299,  764;  270,  727) 

13.   (4-cyanopyridine-27/)pentaammineruthenium(II)  perchlorate, 

[Ru(NH_),.pyCN]  [CIO,  ]0:   In  an  attempt  to  synthesize  this  compound,  a 

29 
modification  of  the  procedure  given  by  Clarke  and  Ford   for  the  forma- 
tion of  the  nitrile  bound  isomer,  was  used.  The  modification  appears 
to  have  been  unsuccessful,  resulting  mainly  in  the  formation  of  the 
nitrile  bound  isomer.  Ag„0  (0.06  g,  0.25  nmol)  was  dampened  with  3  ml 
of  acetone,  and  trifluoroacetic  acid  was  added  dropwise  until  most  of 
the  Ag  0  had  dissolved.   [Ru(NH  )  CI] CI.  (0.1  g,  0.34  mmol)  was  added 
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and  digested  at  room  temperature.  AgCl  did  not  precipitate  out.  The 
solution  was  filtered  to  remove  any  undissolved  Ag20,  then  the  filtrate 
was  added  to  0.3  g  (2.9  mraol)  of  4-cyanopyridine  and  0.5  g  of  amalgam- 
ated zinc.  The  dark  red  solution  which  formed  was  stirred  for  0.5  hr., 
then  filtered.   Saturated  NaClO,  solution  was  added  to  precipitate  red- 
orange  crystals,  which  were  recrystallized  from  a  minimum  of  hot  water, 
washed  with  ethanol  then  ether,  and  dried  under  vacuum. 
Yield  (based  on  desired  product):   0.024  g  (0.05  mraol,  14.4%) 
JL*.  (ma),  e  (M^cra"1):  500  (sh),  0.442  x  104;  424,  0.766  x  104;  252, 
1.16  x  104 

C.  Analyses 

The  elemental  analyses  of   (4-cyanopyridine-fl/7)pentaamminerhodium(III) 
perchlorate,    [RMNliJ   pyCN]  [CIO,  ]    'I^O,   and  u-(4-cyano-.Q?/(Ru)-pyridine- 
^/(Rh))decaamminerhodiun(III)ruthenium(II)   perchlorate,    [(NH  )   Rh(pyCN)- 
Ru(NHo),.]  [CIO,  ]c,  were  performed  by  Galbraith  Laboratories,    Inc., 
Knoxville,   Tennessee. 

D.  Spectra 

All  ultraviolet  and  visible  range  absorption  spectra  were  obtained 
with  a  Cary  14  Spectrophotometer.  Spectra  were  recorded  at  room  temper- 
ature on  dilute  solutions  in  redistilled  water. 

Infrared  spectra  were  obtained  as  KBr  pellets  on  a  Perkin-Elmer  180 
recording  spectrophotometer.  Approximately  1  mg  of  compound  was  com- 
bined with  100  mg  of  dry  KBr  and  pulverized  using  a  Uig-L-Bug  Crescent 
amalgamator.  The  resultant  powder  was  then  formed  into  a  pellet  using 

a  Wilks  mini-press. 

■ 
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E.  Photolysis  Apparatus  and  Procedures 

The  optical  train  apparatus  used  in  all  photolysis  reactions  is 
illustrated  by  the  schematic  diagram  in  Figure  5.  A  200-watt,  mercury, 
short-arc  lamp  was  used  as  the  light  source.  An  8  cm  quartz  cell  filled 
with  water  filtered  out  the  infrared  radiation,  and  an  Oriel  mercury  line 
interference  filter  (G-521-2537,  G-521-3130,  G-522-4358,  or  G-522-5461) 
was  used  to  isolate  the  desired  wavelength.  A  hollow  brass  cell  holder 
was  used  to  thermostat  the  photolysis  cells  at  25  C. 

Photolyses  were  carried  out  on  aqueous  perchloric  acid  solutions 
(pH  =  2-4) ,  which  had  been  prepared  gravimetrically  in  complex  such 
that  the  optical  density  at  the  irradiation  wavelength  was  ~1.5.  Unless 
specified,  the  solutions  were  deoxygenated  with  chromous-scrubbed  argon 
(using  the  apparatus  illustrated  in  Figure  6)  to  prevent  quenching  of 
the  excited  state  or  oxidation  of  the  ground  state  molecules  by  oxygen. 
The  solutions  were  deoxygenated  for  a  minimum  of  0.5  hr.  before  filling 
and  sealing  the  photolysis  cells.  Two-  or  ten-cm  pathlength,  cylindri- 
cal, quartz  cells  were  used  for  the  photolyses,  with  solution  homogen- 
eity maintained  by  periodically  shaking  the  cells. 

An  identical  dark  reaction  cell  was  prepared  for  each  photolysis  to 
correct  for  any  thermal  reactions.  A  Cary  14  Spectrophotometer  was  used 
to  monitor  the  photolyses.  To  determine  the  quantum  yield  for  the  photo- 
substitution  reactions,  the  absorbance  spectra  of  the  dark  and  the  photo- 
lyzed  solutions  were  recorded  at  the  beginning  and  the  end  of  the  photo- 
lyses, and  the  difference  spectra  between  the  dark  and  the  photolyzed 
solutions  were  recorded  after  each  irradiation  interval  during  the 
photolyses.   Interval  quantum  yields  were  obtained  from  the  absorbance 
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A  Light  source 

B  Infrared  filter 

C  Collimating  lens 

D  Wavelength  selector 

E  Light  stop 

F  Thermostated  cell  holder 

G  Optical  bench 


Figure  5.   Schematic  diagram  of  optical  train  apparatus. 
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A  Zwickel  flask 

B  Solution 

C  Argon  inlet 

D  Four-way  stopcock 

E  Photolysis  cells 


Figure  6.   Schematic  diagram  of  deoxygenation  apparatus. 
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changes  (at  a  preselected  wavelength  as  well  as  the  wavelength  of  Irra- 
diation) and  the  quantum  yield  values  were  plotted  as  a  function  of 
percent  reaction.  Extrapolation  of  this  plot  to  zero  percent  reaction 
gave  the  initial  quantum  yield  values  for  the  photoaquation  of  the  com- 
plexes reported,  and  eliminated  complications  resulting  from  secondary 
reactions .   Calculations  of  interval  quantum  yields  (according  to  equa- 
tion 32)  were  carried  out  using  the  program  in  Appendix  A,  which  was 


ft  _  moles  of  product 


einsteins  absorbed 

cL.v 

rl/-,  _iVo.[l.\.  (32) 


cL.v 


iJU-io-^'Ot 

where:  CT  =  concentration  of  product  (in  II) 

V  ■  volume  of  the  cell  (in  ml) 

1^  =  intensity  of  the  incident  light 

O.D.  ■  average  optical  density  at  the  irradiation 
wavelength 

t  =  time  (in  min.) 


written  for  a  Hewlett-Packard  model  9810A  table-model  calculator. 

Quantum  yields  for  the  photoaquation  of  anraine  ligands  were  cal- 
culated from  the  difference  in  pll  of  the  photolyzed  and  dark  solutions. 
The  formula  used  for  these  calculations  was 

<K3  -  xi  p  t  (33) 

where  | An |  is  the  change  in  the  number  of  moles  of  II  as  determined 
from  the  pll  values  of  the  dark  and  photolyzed  solutions;  I*  is  the  in- 
tensity of  the  incident  light  (ein./min.);  F  is  the  fraction  of  incident 
light  absorbed  (F  =  1  -  antilog  (~(Alrr  Q  +  Airr  t)/2),  where  Alrr  Q  is 
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the  absorbance  at  the  irradiation  wavelength  at  tine  zero,  and  A      is 

irr,t 

the  absorbance  at  the  irradiation  wavelength  at  time  t) ;  and  t  is  the 

irradiation  time.  A  Corning  Model  5  PH  Meter,  which  had  been  calibrated 

using  commercial  buffers,  was  used  to  obtain  the  pH  measurements. 

The  incident  intensity  of  the  irradiation  beam  for  each  photolysis 

was  determined  by  ferrioxalate32  (Xirr  <  436  nm)  or  Reineckate  salt33 

^irr  -  *36  ™0   actinometry.  Typical  values  of  I*  obtained  were  1.3  ± 

0.1  x  10   quanta/rain.  (X±rr  =  436  nm) ,  ~9  x  1016  quanta/min.  (X, 

irr 

313  nm),  and  ~2  x  10   quanta/min.  (X    =  546  nm) . 


irr 


F.   Carbon-13  NMR  Spectra 

Carbon-13  nuclear  magnetic  resonance  spectra  were  obtained  with  a 
Varian  XL-100-15  spectrometer  operating  at  a  frequency  of  25.2  MHz  and 
equipped  with  a  Nlcolet  FT-100  Data  System  with  quadrature  phase  detec- 
tion and  20K  of  memory,  allowing  16K  data  points,  3K  points  in  the  fre- 
quency  domain  for  3012  Hz  spectral  width.  All  spectra  were  measured  on 
solutions  saturated  (-0.05  to  0.1  M)  with  complex  and  using  D20/II?0 
(1:1,  v/v)  as  solvent.  Dioxane  was  added  as  an  internal  standard. 
The  flip  angle  was  varied  between  40  and  60°  with  a  7  second  delay  be- 
tween pulses.  The  number  of  pulses  required  to  obtain  a  good  signal- 
to-noise  ratio  was  9520  for  the  spectrum  of  [Rh(NH3)5pyC?J]  [CIO,  ]  . 
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RESULTS 
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A.   Spectral  Characteristics 

1.   Electronic  spectra:   The  electronic  absorption  spectra  of  the 
complexes  used  in  this  research  are  listed  in  Table  III. 


The  spectrum  of  [Rh(NH  )  pyCN] [CIO^]   is  dominated  by  a  peak  oc- 
curring at  258  nm  (e  =  0.643  x  10  M~  cm"1).   This  coincides  well  with 
the  TT*  ♦  it  band  in  the  spectrum  of  4-cyanopyridine  free  ligand  (A    = 
275  nm,  £  =  0.341  x  10  M~  cm"  )0   In  addition,  other  Rh(NH3)  L3+  com- 
plexes, in  which  L  is  an  unsaturated  heterocycle,  display  similar  peaks 

9 
which  have  been  assigned  as  internal  ligand  transitions  .   Both  of  the 

lower  intensity  E  ,  B  <-   1A-  and  Ea,  A~  ♦  ^   ligand  field  transitions, 

which  are  expected  to  occur  in  the  same  spectral  region,  are  obscured 

by  the  highly  intense  IL  band. 

The  electronic  spectrum  of  [Ru(NH  )  NCpy][C10,]   exhibits  MLCT 

(A    =  425  nm,  e  =  0.537  x  104  m"1™"1)  and  IL  (A    =  253  nm,  e  = 
max  '        v  max         ' 

0.891  x  10  M  cm  )  bands  which  are  characteristic  of  other  Ru(NH  )  L 

34  35 
complexes     .   Protonation  of  the  pyridine  site  enhances  the  TT-acceptor 

ability  of  the  4-cyanopyridine  ligand  and  shifts  the  MLCT  band  to  a 

longer  wavelength  (A    =  532  nm,  £  =  0„831  x  10  M-1cm~  )   .   Coordin- 

nicix 

3+ 
ation  of  Rh(NH  )    to  the  pyridine  nitrogen  of  this  ligand  would  also 

increase  the  electron-withdrawing  ability  of  the  ligand.   Thus,  the 

2+ 
MLCT  band  of  Ru(NHo)  NCpy   is  expected  to  red  shift  upon  formation  of 

the  Rh   -pyCN-Ru   binuclear  complex,,   This  perturbation  is  observed, 

with  the  MLCT  band  occurring  at  488  nm  (e  =  1.32  x  10^  M~  cm"1). 

In  a  similar  manner,  coordination  of  Rh(NHo),-   to  pyrazine  in- 


creases that  ligand' s  tt  electron-acceptor  nature.   This  causes  the  MLCT 


94-  ft 

band  associated  with  the  Ru(NH0)  pyz   moiety  (A    =  472  nm  )  to  shift 

3  5"         J    v  max  ' 
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to  a  longer  wavelength  upon  formation  of  the  Rh   -pyz-Ru11  binuclear 
species  (Amax  =  528  run)  . 

2.   Infrared  spectra:   Table  IV  summarizes  the  nitrile  stretching 
frequencies  observed  for  the  complexes  of  this  study.   For  those  com- 
plexes in  which  a  CN  stretch  could  not  be  resolved,  the  decrease  in  in- 
tensity of  the  peak  may  have  been  a  result  of  coordination  of  the  ligand 
to  the  metal  center   ,  or  due  to  a  failure  in  the  synthesis  of  the  com- 
pound. 

Two  V(CN)  peaks  are  observed  in  the  spectrum  of  [Ru(NH  )  NCpy]- 
[C10  ]  .   This  is  a  result  of  formation  of  both  the  pyridine  and  the 
nitrile  bound  isomers  of  the  complex.   The  strong  peak  at  2179  cm"  cor- 
responds to  the  nitrile-bound  isomer  and  is  60  cm"  lower  in  frequency 

than  the  free  ligand  band  due  to  TT-back-bonding  of  Ru(II)  into  the  ni- 

29  34  37 
trile  group  '       .   The  smaller  decrease  from  the  free  ligand  frequency 

of  the  weaker  peak  at  2225  cm   is  consistent  with  the  previously  char- 

29 
acterized  pyridine-bound  complex 

3.   Carbon-13  nuclear  magnetic  resonance:   An  attempt  was  made  to 

determine  NMR  spectra  on  [Rh(NH  )  pyCN]  [CIO  ]  ,  [RhCNHj  NCpy][C10  ]  , 

[Ru(NH3)5NCPy][C104]2,  and  [(NH  )  Bh(pyCN)Ru(NH3)  ] [C104J  .   Of  these, 

only  [Rh(NH  )  pyCN] [CIO  ]   provided  a  spectrum  where  the  signals  were 

distinguishable  from  noise.   The  chemical  shifts  and  assignments  of  this 

spectrum  are  summarized  in  Table  V.   The  down  field  shifts  of  the  a,  3, 

and  y  carbon  atoms  of  the  4-cyanopyridine,  relative  to  the  free  ligand, 

are  typical  of  metal  bound  pyridine  derivatives  where  little  or  no  tt- 

k    I*  V    4i       •         fJ      36»38 

back-bonding  is  evident 

The  two  Ru(II)-containing  complexes,  which  gave  no  carbon-13  signals, 
may  have  been  contaminated  with  Ru(III) .   The  presence  of  even  a  small 
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Table  IV.   Nitrile  stretching  frequencies  of  various 
rhodium  and  ruthenium  ammine  complexes. 


Compound 


V(CN),  cm 


-la 


4-cyanopyridine  (free  ligand) 

[Rh(NH3)5pyCN][C104]3 

[Rh(NH3)3NCpy][C104]3 

a.  From  aquo  complex 

b.  From  azido  complex 

[Ru(NH3)5NCpy][C104]2 

([Ru(NH   )    pyCN][C10    1 
-)   j  hi 

[ (NH3) 5Rh  (pyCN) Ru (NH3>    ] [ C104 ] 5 
[(NH3)5Rh(NCpy)Ru(NH3)    ][C10A] 


2239     m,    sharp 
2238     w 

ND 

ND 
2179  s,  sharp 
2225  w,  sharp 
2166  m,  sharp 

ND 


Abbreviations:   s,  strong;  m,  medium;  w,  weak;  ND,  not  distinguishable 
from  noise. 


13 
Table  V.  C  nuclear  magnetic  resonance   chemical   shifts   of 

[Rh(NH   UpyCN]  [CIO,  ]      and  4-cyanopyridine ,    free   ligand. 
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Free   ligand 


Rh   complex 


A6< 


a 
3 
Y 
C3J(6) 


150.5 
127.0 
121.4 
117.6 


153.9 
130.7 
125.1 
116.0 


+3.4 
+3.7 
+3.7 
-1.6 


a      a   6  6 

Reference  37 

CRelative  to  TMS  using  dioxane  as  internal  standard  (6,13   ,    » 

(      CH3)4Si 


>13 


+  67.40) 


C4H8°2 
complex  free   ligand 
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amount  of  this  paramagnetic  substance  would  cause  a  decrease  in  T 
(spin-lattice  relaxation  time)  and  could  result  in  considerable  broaden- 
ing of  the  signals.   Lack  of  signals  from  [Rh(NH3)5NCpy]  [CIO .]-  may  have 
been  due  to  a  failure  in  the  synthesis  of  this  complex. 

B.   Photolyses 

Table  VI  summarizes  the  irradiation  wavelengths  and  resultant 
quantum  yield  values  for  the  specifies  reactions  obtained  upon  irradia- 
tion of  various  complexes  in  this  study. 

1.   Photolysis  of  [Rh(NH3)5pyz]  [ClO^:   A  solution  of  [Rh(NH  )  pyz]- 
[ClO^]^  (1.87  x  10   M  in  non-deoxygenated  pH  2  HC104)  was  irradiated  at 
313  nm  for  60  min.   (I*  -  4.32  x  1017  quanta/min.) .   This  irradiation 
wavelength  corresponded  to  the  low  energy  tail  of  the  IL  band  of  the 
complex.   LF  bands  which  occur  in  the  same  spectral  region  are  obscured 
by  the  more  intense  IL  band,  so  that,  presumably,  there  is  population  of 
both  IL  and  LF  excited  states  upon  irradiation.   If  this  photolysis  were 
to  result  in  photoaquation  of  the  unique  ligand  and  formation  of  Rh(NH  )  - 

3+  ^4- 

H20   ,  the  characteristic  reaction  of  other  Rh(NH  )  L   complexes9,  a 
decrease  in  the  absorbance  at  the  monitored  wavelength  of  316  nm  would 
be  expected.   This,  however,  was  not  observed.   The  absorbance  at  316  nm 
increased  substantially,  and  the  actual  photoproduct  has  not,  as  yet, 
been  identified.   If,  however,  a  significant  amount  of  light  was  absorbed 
into  the  IL  bands,  pyrazine  (either  complexed  or  the  free  ligand  formed 
from  photoaquation)  could  break  down  through  a  ring  opening  process 
similar  to  the  reaction  observed  for  pyridine39.   Calculation  of  a  quan- 
tum yield  requires  that  the  product  be  known;  therefore,  no  $  values 
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Table  VI „   Irradiation  wavelengths  and  quantum 
yields  for  the  complexes  photolyzed. 


Compound  ^irr  ^nm^         $  (moles/ein.) 


a 


[Rh(NH3)5pyz][C104]3  313 

I(NHo)  Rh(pyz)Ru(NH.),][C10.]_  436  7.3  ±  0.7  x  10~5  (2)b 
J  ->            ->  J     4  5 

546  2.80  ±  0.04  x  10"6  (2)b 

[Rh(NH3)5pyCN][C104]3  313  9.8  ±  0.1  x  10~2  (2)C 

[Ru(NH3)5NCpy][C104]2  436  2.03  ±  0.29  x  10-2  (2)c 

[(NH3)  Rh(pyCN)Ru(NH3)  ][C104]  436  1.06  ±  0.16  x  10_3  (5)d 


a 

product  unknown 

disappearance  of  starting  material 
loss  of  4-cyanopyridine  ligand 
Rh-pyCN  bond  breaking 
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could  be  determined  for  this  photolysis. 


2.   Photolysis  of  [(NH  )  Rh(pyz)Ru(NH  )  J [ClO^]  :   A  deoxygenated 
solution  of  [(NH3>5Rh(pyz)Ru(NH3)  J [CIO, ]  ,  which  was  ~6  x  10~6  M  in  pH 
4  HC10  ,  was  prepared  for  irradiation  at  436  nm  (I*  =  3.3  x  1018  quanta/ 


o 
o 


min.)  and  at  546  nm  (I*  =  2.1  x  10   quanta/min.) .   Both  of  these  wave- 
lengths are  included  in  the  MLCT  envelope  of  the  complex.   A  teflon  stir- 
ring bar  was  used  in  each  photolysis  cell  to  maintain  homogeneity  of  the 
solution.   Limiting  quantum  yields  for  disappearance  of  the  starting  ma- 
terial were  determined  based  upon  the  absorbance  change  observed  over 
the  total  irradiation  time  of  60  min.   At  X.    =  436  nm,  the  quantum 
yield  was  7.3  ±  0.7  x  10~5  (2)  moles/ein.  (-4%  reaction),  and  at  X. 
546  nm,  the  quantum  yield  after  3.6%  of  reaction  was  2.80  ±  0.04  x  10 
(2)  moles/ein. 

3.   Photolysis  of  [RhCNH^pyCN]  [ClO^:   A  2.7  x  10~3  M  (pH  2 
HCIO^)  solution  of  [Rh(NH3)5pyCN][C104]3  (not  deoxygenated)  was  irradia- 
ted at  313  nm  for  60  min.  (1^  =  2.7  x  10   quanta/min.).   This  irradia- 
tion wavelength  is  on  the  lower  energy  tail  of  the  intense  peak  which 
has  been  assigned  as  an  IL  transition.   The  photolysis  may  have  resulted 
in  a  small  amount  of  direct  population  of  LF  excited  states  if  the  Ea, 
A2  "*"  Al  transiti°n  is  obscured  by  the  IL  peak  in  this  spectral  region. 
During  the  photolysis,  the  absorbance  at  the  monitored  wavelength 
of  316  nm  decreased.   This  is  consistent  with  the  reaction  being  photo- 
aquation  of  the  4-cyanopyridine.   The  photolysis  was  taken  to  ~8%  of  re- 

_o 

actxon,  and  a  quantum  yield  of  9.8  ±  0.1  x  10   (2)  moles/ein.  was  deter- 
mined, following  thermal  correction  and  extrapolation  to  0%  reaction. 
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4.   Photolysis  of  [Ru(NH)  NCpy] [CIO  ]  :   Irradiation  of  [Ru(NH  )  - 

NCpy] [CIO, ]„  (9  x  10"6  M  in  pH  4  HC10,)  at  436  nm  (I*  =  1.15  x  1018 

U,   l  —  4  o 

quanta/min.)  resulted  in  photoaquation  with  $„,  „   =  2.03  ±  0.29  x  10~ 

NCpy 

(5)  moles/ein.   The  quantum  yield  for  ammine  aquation,  as  measured  by  pH 

change,  exhibited  a  wide  variation,  since  the  compound  is  air  sensitive. 

The  average  value  of  $    was  -0.1  moles/ein.,  but  is  considered  to  be 

NHo 

unreliable. 


5.   Photolysis  of  [(NH  )  Rh(pyCN)Ru(NH  )  ] [C104]  :   A  solution  of 

[(NHj_Rh(pyCN)Ru(NH_)_][C10/]ir  (~1  x  10"5  M  in  pH  4  HC10,)  was  prepared 
35  ->  5     4  5  —  4 

for  irradiation  at  436  nm,  a  wavelength  included  in  the  MLCT  envelope  of 

18 
the  complex.   The  incident  intensity  of  the  light  beam  was  ~1.3  x  10 

quanta/min.   The  photolyses  generally  featured  an  increase  in  absorbance 

2+ 
at  425  nm  (the  Xfflax  for  Ru(NH3)5NCpy   )  and  decreases  at  510  and  260  nm. 

Isosbestic  points  were  formed  in  the  region  of  ~350  and  ~460  nm,  but 
these  points  were  generally  maintained  for  only  10-12  minutes  of  irradi- 
ation (~7%  reaction) .   Continued  irradiation  resulted  in  a  decrease  in 
the  absorbance  which  had  initially  increased  at  425  nm,  until  ultimately 
the  spectrum  resembled  the  spectrum  of  free  4-cyanopyridine.   The  initial 


1.06  ±  0.16  x   10        (5)   moles/ein.      The   $vttt     value,   as   determined   from  pH 


quantum  yield  value  for  the  disappearance  of  the  starting  material  was 

l3 
change,  was  2.93  ±  0.72  x  10_1  (2). 

As  an  aid  in  determining  the  photoproducts  resulting  from  irradia- 
tion of  the  Rh   -pyCN-Ru  "  binuclear  complex,  ion  exchange  analyses  of 


[Ru(NH  )  NCpy] [CIO, ^  were  performed.  In  the  first  analysis,  6  ml  of  a 
2.76  x  10"5  M  solution  of  [Ru(NH  )  NCpy] [ClO^]  were  deposited  onto  a  5 
cm  column  of  Dowex  50W-X4  Cation  Exchange  Resin  (200-400  mesh)  in  the  H 
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form,  which  had  previously  been  washed  with  redistilled  water.   The 
complex  was  eluted  from  the  column  with  3  M  NaCI,  and  10  ml  aliquots 
were  collected.   The  spectrum  of  each  aliquot  was  recorded,  with  the 

first  and  second  aliquots  eluted  showing  a  peak  at  ~335  nm.   This  peak 

?+ 
corresponds  fairly  well  to  that  expected  for  Ru(NH0)cCl    (X    =  328 

j  J       max 

nm,  £  =  1930  M  cm  )   ,  a  complex  which  could  be  formed  as  a  result  of 

oxidation  of  the  metal  by  oxygen,  followed  by  anation  with  the  Cl~  ions 

present. 

The  second  ion  exchange  analysis  was  performed  on  the  same  H 

resin  column  which  was  used  in  the  first  analysis,  with  the  resin  having 

been  washed  with  1  M  HC10  .   Six  milliliters  of  2.76  x  10   M  [Ru(NH^)  - 

4  ■*  5 

NCpy] [CIO, J  were  deposited  onto  the  column.   Immediately,  the  solution 
changed  from  a  reddish-orange  to  a  purple  color,  corresponding  to  pro- 
tonation  of  the  pyridine  site.   The  complex  was  washed  through  the  col- 
umn with  3  M  NaCIO, ,  and  10  ml  aliquots  were  collected.   The  spectrum  of 
the  first  aliquot  contained  a  peak  at  ~260  nm,  and  the  spectra  of  the 

second  and  third  aliquots  displayed  peaks  at  ~355  nm.   The  peak  at  ~260 

3+  -1  -1 

nm  corresponds  well  with  Ru(NH.)_H.O   (A„0„  =  268  nm,  E  =  635  M  cm  ) 

41 

This  complex  could  result  from  oxidation  of  the  metal  center  by 

oxygen,  and  aquation  of  the  4-cyanopyridine  ligand.   The  peak  at  ~355  nm 
does  not  coincide  well  with  any  anticipated  products  and  has  not,  as  yet, 
been  identified. 

An  ion  exchange  analysis  was  performed  to  determine  the  initial  pro- 
ducts resulting  from  the  photolysis  of  [(NH  )  Rh(pyCN)Ru(NH  )  ] [ClO^]  . 
An  8.2  x  10   M  solution  (pH  4  HC10  ,  deoxygenated)  of  the  binuclear  com- 
plex was  irradiated  at  436  nm  in  a  2  cm  cell  until  ~39%  of  the  reaction 
had  been  completed.   This  solution  was  then  deposited  onto  a  5  cm  column 


52 

of  Dowex  50W-X4  Cation  Exchange  Resin  (200-400  mesh)  in  the  H+  form. 
The  resin  was  washed  with  3  M  NaCl  and  10  ml  aliquots  were  collected. 
The  spectrum  of  the  first  aliquot  contained  a  peak  at  332  nm,  and  ali- 
quots 4-8  featured  peaks  at  258  and  488  nm.   This  ion  exchange  behavior 
is  similar  to  that  observed  for  Ru(NH  )  NCpy   .   Decomposition  of  the 
material  on  the  column,  however,  prevents  direct  comf irmation  of  the 
primary  photolysis  step. 
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DISCUSSION 
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A.   4-Cyanopyridine  Complexes  of  Fe(CN)5   ,  Ru(NH  )  2+,  Co(CN)  2~,  and 

4-Cyanopyridine  complexes  of  pentacyanoferrate(II)   ,  pentacyano- 
cobaltate(III)   ,  and  pentaammineruthenium(II)   have  previously  been 
prepared.   In  this  study,  we  have  prepared  and  characterized  the  4-cyano- 
pyridine  complex  of  the  analogous  pentaamminerhodium(III) . 

Similarities  in  absorption  spectra  have  been  observed  between  the 
cyano  complexes  of  the  first  row  transition  metals  and  the  ammine  com- 

plexes  of  the  second  row  metals  for  MA-pyX  homologs   .   The  spectra  of 

2- 
Co(CN)rL   complexes  exhibit  bands  or  shoulders  in  the  ultraviolet  re- 
gion which  have  been  assigned  to  LF  (■'"E3,   A-  *  1A  )  transitions3  „  Peaks 

of  similar  origin  occur  in  the  same  region  in  spectra  of  various 

3+         9 
Rh(NH  )  L   complexes  ,  although  these  transitions  are  obscured  by  the 

IL  band  in  the  Rh(III)-4-cyanopyridine  complex.  These  ligand  field  bands 

are  relatively  insensitive  to  the  nature  of  the  L  ligando 

■X-  ix 

The  spectra  of  the  Fe(CN)  L   and  Ru(NH  )  IT   complexes  exhibit 
intense  MLCT  bands  in  the  visible-near  ultraviolet  region  of  the  spec- 
trum.  In  contrast  to  the  peaks  of  the  Co (III)  and  Rh(III)  complexes, 
these  MLCT  bands  are  highly  sensitive  to  the  nature  of  the  L  ligando 

An  interesting  feature  in  the  4-cyanopyridine  complexes  of  these 
four  transition  metal  ions  is  the  coordination  site  preferences  exhibited 
by  the  metal  centers.   Like  Co(CN)    and  Fe(CN)5   ,  Rh(NH3)  3+  favors 
the  formation  of  the  pyridine-bound  isomer  with  the  4-cyanopyridine 
ligand.   The  coordination  site  of  the  Rh(III)  complex  is  confirmed  by 

the  downfield  shifts  of  the  a,  8,  and  y   carbons  and  the  upfield  shift  of 

13 
the  6  carbon,  with  respect  to  the  free  ligand,  in  the   C  NMR  spectrum 
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•30 

of  this  complex 

In  addition  to  the  difference  in  basicity  of  the  two  sites  of  the 
4-cyanopyridine  ligand,  two  other  factors  are  important  in  determining 
the  structural  preferences  displayed  by  this  series  of  complexes ,   First, 
the  pyridine  nitrogen  of  the  ligand  is  more  sterically  hindered  (due  to 
the  protons  on  the  a  carbons)  than  the  nitrile  position.   Therefore, 
coordination  at  the  pyridine  site  would  be  favored  in  complexes  where 
neighboring  ligands  are  small  enough  to  create  relatively  little  steric 
hindrance.   Cyano  ligands  are  sterically  less  hindering  than  ammine 

groups;  thus,  the  Fe(CN)  J  and  Co(CN)    complexes  are  expected  to 

2+  3+ 

favor  pyridine  coordination,  and  the  Ru(NH„),-   and  Rh(NHn)    would 

prefer  nitrile  coordination.  The  Rh(III)  complex,  however,  does  not 
bind  to  the  nitrile  nitrogen  as  is  expected  from  the  steric  hindrance. 
A  second  factor  which  influences  the  site  of  complex  coordination 
is  the  nature  of  the  solvent.   In  an  aqueous  solution,  stronger  hydrogen 
bonding  occurs  between  the  water  molecules  and  the  pyridine  nitrogen 
than  the  nitrile  nitrogen  of  the  4-cyanopyridine<,   This,  in  effect,  in- 
hibits coordination  to  a  metal  center  at  the  pyridine  site,,   Of  the  four 

3+ 
homologs,  only  the  synthesis  involving  Rh(NH  )  <■        is  performed  in  a 

nonaqueous  solvent  (dimethylacetamide) .   In  DMA,  there  is  no  hydrogen 
bonding  to  inhibit  the  pyridine  site  from  Rh(III),  and  coordination  of 
the  metal  is  expected  at  this  more  basic  position.   The  Fe(II),  Co(III), 
and  Ru(II)  complexes  are  prepared  in  aqueous  solutions,  and  have  sub- 
stantial hydrogen  bonding  at  the  pyridine  nitrogen .   On  the  basis  of 
hydrogen  bonding,  we  might  expect  the  Fe(II),  Co (III),  and  Ru(II)  com- 
plexes to  preferentially  bind  the  nitrile  position. 

3-  2- 

Both  the  Fe(CN)    and  Co(CN)    complexes  have  conflicting 
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4-cyanopyridine  coordination  influences.   Their  smaller  cyano  ligands 
suggest  a  preference  for  a  pyridine-bound  complex,  whereas  the  use  of 
water  as  a  solvent  in  the  synthetic  reactions  leads  us  to  expect  a 
nitrile-bound  isomer.   For  both  metal  systems,  the  pyridine-bound  isomer 
is  formed.   Thus,  in  these  cases,  the  lesser  steric  hindrance,  in  addi- 
tion to  the  pyridine  basicity,  is  the  predominant  factor  in  determining 

the  most  stable  species. 

3+ 
The  Rh(NH  )    complex  also  has  conflicting  factors  affecting  co- 
ordination to  the  4-cyanopyridine  ligand.   The  neighboring  ammine 
groups  favor  nitrile  coordination  (from  steric  considerations),  while  the 
nonaqueous  solvent  used  in  the  synthesis  would  suggest  a  preference  for 
complexation  to  the  pyridine  site  (lack  of  hydrogen  bonding) .   In  this 
case,  the  availability  of  the  more  basic  pyridine  position  is  favored  in 

determining  the  most  stable  product . 

2+ 
The  synthesis  procedure  for  the  Ru(NH„)  '   complex  ion  has  both 

the  steric  factor  and  the  solvent  effect  contributing  to  a  preference 

for  nitrile  coordination.   Synthesis  of  the  complex  results  mainly  in 

formation  of  the  nitrile-bound  isomer,  yet  a  small  amount  of  the  pyri- 

29 
dine-bound  isomer  is  also  detected   .   Therefore,  the  greater  basicity 

of  the  pyridine  site  nearly  offsets  the  factors  of  steric  hindrance  and 

solvation  which  lead  predominantly  to  nitrile  coordination.   (Reactions 

of  Ru(NH  )  H  0  and  4-cyanopyridine  in  nonaqueous  solvents  results  in 

43 
the  major  product  being  the  pyridine-bound  isomer  ). 

B.   Photolyses 

The  MLCT  band  of  [Ru(NH3)5NCpy] [ClO^]   occurs  at  425  nm.   If  this 

II  13 

complex  can  be  compared  to  Ford's  Ru  -pyX  species   ,  then  it  is 
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expected  to  be  "reactive"„   The  quantum  yield  for  photoaquation  of  L  of 
2.03  ±  0.29  x  10   moles/ein„,  which  was  determined  for  this  complex,  is 

consistent  with  this  expectation, 

2+ 
Protonation  of  the  Ru(NH~)  NCpy   species  shifts  the  MLCT  band  to 

29  %t- 

532  nm   .   Similarly,  coordination  of  the  positively  charged  Rh(NH^) 

group  increases  the  ligand's  electronegativity  toward  Ru(II),  and  red 

shifts  the  MLCT  band  to  488  nm„   This  places  the  Rhi:tI-pyCN-Ru   bi- 

nuclear  complex  in  a  borderline  position  between  the  "reactive"  and  the 

"unreactive"  categories. 

5+ 
Irradiation  of  the  Rh-pyCN-Ru   complex  initially  showed  an  in- 

2+ 
crease  in  absorbance  at  425  nm,  the  X  for  Ru(NH„)nNCpy   „   This  pro- 

max         3  5  r 

duct  is  consistent  with  initial  cleavage  of  the  Rh(III)-L  bond0   Irra- 
diation of  the  binuclear  complex  was  at  436  nm,  a  wavelength  too  low  in 

1  3 

energy  to  populate  a  LF  (Rh)  state.   Since  the  Rh(III)  LF  is  assumed 

to  be  the  lowest  excited  state  and,  thus,  responsible  for  the  photore- 

Q 

actions  in  the  Rh(III)  monomeric  systems  ,  indirect  population  of  this 
state  could  be  responsible  for  the  photolysis  product  observed  upon  ir- 
radiation of  the  binuclear  complex.   If  the  Ru(II)  HlLCT  and  the  Rh(III) 

3 

LF  states  of  the  binuclear  complex  are  at  similar  energy  levels,  an 

energy  transfer  or  intramolecular  sensitization  could  occur  from  the 
hfLCI   state  to  the  3LF  (Rh(III))  state. 

To  test  this  mechanism,  we  have  performed  energy  level  calculations 
to  determine  the  feasibility  of  this  intramolecular  energy  transfer. 
Since  emission  data  for  the  monomer  components  of  the  binuclear  complex 
have  not  been  obtained,  these  calculations  were  based  on  related  or  an- 
alogous complexes  and,  therefore,  can  only  result  in  approximate  energy 
level  values. 
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Energies  of  the  LF  transitions  in  a  d  octahedral  complex  can  be 

calculated  from  crystal  field  theory  according  to  the  following  equa- 

...   44 

tions   : 

E^T,   «•  A  )  -  lODq  -  C  +  86B2/10Dq  (34) 

8     lg 

E(1T2  ♦  1A±    )    =  lODq  +  16B  -  C  +  2B2/10Dq  (35) 

E(3T1  ♦  1A±    )  =  lODq  -  3C  +  50B2/10Dq  (36) 

E(3T2  *  1A1   )  =  lODq  +  8B  -  3C  +  14B2/10Dq  (37) 

where  lODq  is  the  energy  separation  between  the  t~  and  the  e  levels, 

and  B  and  C  are  Racah  parameters  dealing  with  electronic  repulsions. 

The  last  term  in  equation  (34)  is  generally  small  and  can  be  ignored, 

giving  equation  (38): 

V  =  lODq  -  C  (38) 

where  V  is  the  maximum  of  the  T.   ♦  A,   transition  in  the  absorbance 

!g  lg 

f>  18 

spectrum  of  a  low  spin  d  octahedral  complex   .   In  cases  where  there  is 

44 
insufficient  data  to  determine  the  value  of  C,  it  can  be  approximated 

by  assuming  that 

C  a  4B  (39) 


Reduction  of  the  symmetry  to  D,,  or  C,  ,  by  introducing  one  or  two 

axial  ligands,  removes  the  degeneracy  of  the  T  states  with  T   reducing 

a  b 

to  E  and  A„,  and  T2  becoming  E  and  B„.   When  the  axial  ligand(s)  is 


th 


(are)  weaker  field  (Dt  >  0),  the  E(T,)  state  is  lowest  in  energy  in  bo 

the  singlet  and  triplet  manifolds. 

E^  ♦  1A1)   =  lODq  -  C  (40) 

E(1Ea  «■  1A1)  =  lODq  -  C  -  (35/4)Dt  (41) 

E(3A2  i-  A1)   =  lODq  -  3C  (42) 

E(3Ea  <-  IA1)  =  lODq  -  3C  -  (35/4)Dt  (43) 
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2+ 
The  absorption  spectrum  of  Ru(NH  )  acn   (acn  =  acetonitrile)  has 

a  band  at  350  nm  (28.6  kK)  which  has  been  assigned  to  a  Ea(  T  )  ■•*■     A 

34  oj.  At 

transition   .  Using  B  =  0.42  kK  (for  Ru(en)    4q)  and  equations  (39) 

and  (41),  a  value  of  lODq  -  (35/4)Dt  =  30.3  kK  is  determined  for 

2+ 
Ru(NH  )  acn   .   This  is  also  taken  as  the  approximate  value  of  lODq  - 
•  5 

2+ 
(35/4)Dt  for  Ru(NH  )  NCpy   .   Substituting  into  equation  (43)  gives: 

E(3Ea  *  Ax)  =  lODq  -  3C  -  (35/4)Dt 
=  30.3  -  3(4)(0.42) 
=  25.3  kK  (44) 

Since  the  ground  state  and  the  excited  state  generally  have  slightly 
different  internuclear  distances  at  equilibrium,  the  energy  of  absorp- 
tion would  be  for  a  transition  from  the  0  vibration  level  of  the  ground 
state  to  a  higher  vibrational  level  in  the  excited  state  (Figure  7). 
The  0-0  transition  energy  is  obtained  by  subtracting  half  the  Stokes 
Shift  (energy  difference  between  absorbance  and  emission)  from  the  energy 

of  absorption.   When  absorption  and  emission  data  are  not  available  for 

9 

the  same  excited  state,  the  0-0  energy  must  be  approximated  .   Assuming 

that  the  Stokes  Shift  for  Ru(II)  would  be  similar  to  that  of  Rh(III) 

9  ■} 

(1/2  Stokes  Shift  =  ~4.5  kK  ),  we  conclude  that  the  energy  of  the  LF  ■ 

state,  relative  to  the  A  ground  state,  is  in  the  range  of  20-21  kK. 

An  energy  manifold  for  the  CT  state  was  determined  for  (NH  )Rh- 

3 

(pyCN)Ru(NH3)5   from  the  electronic  absorption  spectrum.   This  range 
of  energy  levels  includes  most  of  the  vibrational  transitions  possible 
in  the  formation  of  the  CT  excited  state.   The  approximate  upper  and 
lower  wavelength  limits  for  the  envelope  of  the  charge  transfer  band 
were  used  to  specify  the  upper  and  lower  limits  of  the  energy  manifold. 
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Figure  7.   Potential  energy  curve  illustrating  the  excitation  of  a 
ground  state  molecule. 
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Since  the  CT  band  of  (NH  )  Rh(pyCN)Ru(NH3>  5+  extends  from  -400  nm  to 
~600  nm,  the  upper  and  lower  energy  limits  for  the  manifold  are  25  kK 
and  17  kK,  respectively. 

Emision  studies  have  been  reported  on  several  Rh(III)  complexes  . 

It  was  observed  that  the  energy  of  the  lowest  excited  state  (assumed  to 

3 
be  T  in  octahedral  microsymmetry)  decreased  with  decreasing  Bronsted 

9  2+ 

basicity  of  the  ligand  .   Coordination  of  the  Ru(NH-)    group  to  the 

nitrile  position  of  the  4-cyanopyridine  ligand  increases  the  pK  from 

a 

1.9  to  2.72  for  the  pyridine  nitrogen  (ir-back-bonding  ability  of  the 

dipositive  metal  overwhelms  the  opposing  sigma  withdrawal  to  result  in 

29  TT 

net  increase  of  pK  )   .   Comparison  of  this  pK  for  the  Ru  -NCpy  ligand 

a  a 

3+         9 
with  other  Rh(NH  )  L   complexes  leads  us  to  expect  the  energy  of  the 

3 
Rh(III)  T  state  to  be  near  20  kK. 

Figure  8  illustrates  the  energy  level  diagram  as  calculated  for  the 

proposed  Rh   -pyCN-Ru   energy  transfer  mechanism.   The  ruthenium  LF 

13 
energy  level  differs  in  positioning  from  that  proposed  by  Ford  ,  where 

2+ 
the  energies  of  the  LF  states  were  estimated  from  Ru(NH  )    .   Using 

3  6 
45 
lODq  =  27.1  kK  for  the  hexaammine  complex   and  equations  (34)  and  (36), 

1       3 

the  approximate  values  for  LF  and  LF  are  21.0  and  17.4  kK,  respective- 
ly. 

Application  of  present  theory  concerning  MLCT  transitions  is  in- 

44  3 

adequate   to  determine  the  energy  of  a  "CT  level.   Emission  studies 

46 
performed  on  a  variety  of  ruthenium(II)  complexes   show  the  lowest  lying 

excited  state  to  be  a  manifold  of  charge  transfer  levels.   Therefore,  a 

3 
CT  state  (the  spin  multiplicity  may  be  meaningless  due  to  spin-orbit 

coupling)  would  occur  at  an  energy  below  the  LF  and  CT  levels  in 

Figure  8. 
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Figure  8.   Energy  level  diagram  for  (NH3>5Ru(NCpy)Rh(NH .)-   .   hv 
corresponds  to  irradiation  at  436  nm. 
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3 

An  intramolecular  energy  transfer  from  the  CT  (Ru)  state  to  the 

o  1 

LF  (Rh)  following  irradiation  into  the  CT  manifold  appears  to  be  un- 
likely due  to  the  endergonic  nature  of  the  process.   An  energy  partition- 

1     3 
ing  could  occur,  however,  with  competition  between  CT  ■*■  LF  (Rh)  and 

i     3        1 

■"-CT  -*■  LF  (Ru),  CT  resulting  in  a  small  amount  of  reaction. 

5  8 
Other  researchers  '   have  concluded  that  intersystem  crossing  from 

higher  Rh  LF  excited  states  to  the  reactive  lowest  energy  triplet  state 

3+ 
is  very  efficient  ($isc  *  1)  for  Rh(NHo)5L   complexes.   Therefore,  the 

o  3+ 

inherent  reactivity  of  the  JT-,  state  of  Rh(NH„)  pyCN   is  assumed  equal 

to  the  $     value  of  9.8  x  10   moles/ein.,  which  was  obtained  upon  ir- 
pyCN 

radiation  of  the  monomer.  The  quantum  yield  for  reactivity  of  the  Rh(III) 

metal  center  (cleavage  of  the  Rh-pyCN  bond)  upon  irradiation  of  the  Rh- 

pyCN-Ru  binuclear  complex  was  1.06  x  10  mole«/ein.   Thus,  the  efficiency 

($.  .    ,    /$       )  of  the  energy  transfer  or  partitioning  is  1.1%. 
v  binuclear  monomer 

These  differences  may  reflect  the  efficiency  of  the  energy  transfer  mech- 
anism or  differences  in  monomer  and  dimer  lifetimes  due  to  the  perturbing 

2+ 
influence  of  Ru(NH  ) 

Term  energy  calculations,  similar  to  those  for  (NH~)  Rh(pyCN)Ru- 
(NH„)  5+,  were  performed  for  (NH  )5Rh(pyz)Ru(NH  )    .   The  CT  (Ru)  man- 
ifold was  estimated  from  the  envelope  of  the  band  in  the  absorbance 

spectrum  (~440  ■+  630  nm) ,  and  the  upper  and  lower  limits  were  set  at 

1  25 

23  kK  and  16  kK,  respectively.   The  Rh(III)  JLF  energy  is  19.7  kK   , 

similar  to  that  of  the  4-cyanopyridine  bridged  binuclear  complex. 

•5  5+ 

The  energy  of  the  LF  (Ru)  state  for  the  Rh-pyz-Ru   complex  should 

differ  significantly  from  that  of  the  Rh-pyCN-Ru   complex  due  to  the 

change  in  ligand  coordination.   In  Rh-pyCN-Ru   ,  the  Ru(II)  metal  center 

2+ 
is  coordinated  to  the  nitrile  position,  and  values  for  Ru(NH  )  acn 


64 

were  used  to  determine  the  energy  of  the  JLF  (Ru)  state  (see  equation 
(44)).   In  contrast,  the  Rh-pyz-Ru   complex  has  the  Ru(II)  coordinated 
to  a  pyridine-type  position.   Because  of  this,  Ru(NH ,)/■   values   were 
used  to  approximate  the  LF  (Ru)  energy  level  (which  is  thus  estimated 
to  be  near  17.4  kK) .   Figure  9  summarizes  these  calculations  for 
(NH3)5Rh(pyz)Ru(HH3)  5+. 

The  calculated  energies  of  the  JLF  (Ru)  and  CT  levels  are  signifi- 
cantly lower  in  the  Rh(pyz)Ru   complex  than  in  the  Rh(pyCN)Ru   com- 
plex.   The  energy  of  the  LF  (Rh)  level,  however,  was  lowered  only  slight- 
ly by  the  change  in  bridging  ligand.   Thus,  an  energy  partitioning  reac- 
tion would  be  even  more  endergonic  for  the  Rh(pyz)Ru   complexo   In  addi- 
tion, a  wavelength  dependence  for  the  quantum  yield  is  exhibited.   Ir- 
radiation of  the  complex  at  436  nm  resulted  in  z   quantum  yield  for  dis- 
appearance of  starting  material  of  7.3  x  10   moles/ein.,  and  irradiation 
at  546  nm  gave  a  quantum  yield  of  2.8  x  10   moles/ein.   These  decreased 
quantum  yields,  when  compared  to  the  4-cyanopyridine  bridged  complex, 

are  consistent  with  the  increased  endergonic  nature  of  the  energy  trans- 

1       3 
fer  or  partitioning  resulting  from  the  lower  CT  and  LF  (Ru)  levels  rel- 
ative to  the  LF  (Rh). 

In  addition,  comparison  of  the  quantum  yields  for  the  pyz-  and 

4-NCpy-bridged  binuclecir   complexes   indicates   that   the  energy  partition- 

o  1 

ing  probably  occurs  from  the  LF  (Ru)  level.   The  CT  energy  manifold 

for  Rh(pyz)Ru  is  sufficiently  high  in  energy  such  that  if  the  energy 
transfer  were  to  occur  from  that  level,  larger  quantum  yields  would  be 
expected. 

Another  mechanism  which  might  explain  the  results  obtained  in  the 

5+ 
photolysis  of  the  Rh(pyCN)Ru   binuclear  complex  is  an  electron  transfer 
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corresponds  to  irradiation  at  436  hm,  h\>*  correspond 
radiation  at  546  nm. 
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from  a  CT  excited  state  of  the  Ru(II)  to  the  Rh(III).   Loss  of  RuNCpy2+ 
from  the  Rh  metal  center  could  result  from  a  (RhII-pyCN-Ru111)*  state 
(equation  (45)),  followed  by  outer-sphere  back  electron  transfer  to 
regenerate  Rh(III)  and  Ru(II)  fragments  (equation  (46)).  A  mechanism  of 

[(NH3)5RhJICpyCN)Rum(NH3)  ]*  ->  (NH3)5RuIIINCpy  + 

RhIZ(NH3)   +  NH3  (45) 

(NH3)5Rui:tINCpy  +  RhI]-(NH3)  +  2H20  +  (NH  )  5Rui:ENCpy  + 

t-RhI][I(NH3)4(H20)2   (46) 

this  type  has  been  observed  upon  photolysis  of  aqueous  solutions  of 
Rh(NH3)  I     .   Irradiation  in  the  LMCT  band  of  this  complex  initially 
resulted  in  the  following  reaction: 

Rh(NH3)  I2+  +  hv  (LMCT)  Hi  Rh(NH  )  2+  +  NH  +  +  I-         (47) 

Recombination  (redox)  and  aquation  then  occurred  to  form  trans-  Rh(NH  )  - 

3  4 

OH  I2+. 
2 

Electrochemical  data  are  not  available  to  provide  reduction  poten- 
tial values  for  the  monomer  components  of  (NH  )  Rh(pyCN)Ru(NH  )  5+. 
Therefore,  an  estimate  can  not  be  made  of  the  energy  of  irradiation  re- 
quired to  result  in  an  electron  transfer.  Reduction  of  Rh(III)  to  form 
Rh(II)  is  infrequent,  as  evidenced  by  polarographic  studies  which  indi- 
cate a  preference  of  Rh(III)  to  undergo  a  two  electron  reduction  to  form 

Rh(I)   .   A  one  electron  reduction  case  for  Rh(III),  in  which  LMCT  irra- 

2+ 
diation  of  Rh(NH3)5I   at  250  nm  resulted  in  a  substantial  amount  of 

electron  transfer,  makes  it  doubtful  that  irradiation  of  the  4-cyano- 
pyridine  bridged  binuclear  species  at  436  nm  would  be  sufficiently  en- 
ergetic to  cause  an  electron  transfer  reaction  from  Ru(II)  to  Rh(III). 
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In  addition,  LMCT  irradiation  of  Rh(NH3>5I2+  results  in  recombination 
of  the  I-  radical  with  the  complex  following  reduction  of  the  metal. 
Photolysis  of  the  Rh-pyCN-Ru5+  complex,  however,  causes  dissociation 
without  recombination.   This  provides  further  evidence  suggesting  that 
an  intramolecular  electron  transfer  reaction  is  not  occurring  upon 
irradiation  of  the  binuclear  complex  at  436  nm. 
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Photolysis  of  (NH3)5Rh(pyz>Ru(NH3)  5+  leads  to  small  quantum  yields 
for  photoaquation  at  either  metal  center.   These  results  reflect  the 
characteristic  photochemistry  of  the  Ru(II)  monomer  systems  (i.e.,  "un- 
reactive"  for  Amax  (MLCT)  >  460-480  nm)  and  the  fact  that  energy  trans- 
fer to  a  Rh(III)  ligand  field  excited  state  is  endergonic  and  not  likely 
to  occur. 

Based  on  the  absorption  spectra  obtained  during  photolysis  of 

(NH3)5Rh(pyCN)Ru(NH3)5   and  the  calculations  of  approximate  energy 

levels,  irradiation  of  this  complex  leads  to  cleavage  of  the  Rh(III)- 

pyridine  nitrogen  bond  by  either  an  energy  transfer  from  the  Ru(II)  3CT 

state  to  the  Rh(III)   T  or  an  energy  partitioning  of  3LF  (Ru)  ■*■  3LF  (Rh) 

3         3 
vs.   LF  (Ru)  ->  CT.   The  product  formed  from  the  primary  photochemical 

2+ 
reaction,  RutNH^NCpy   ,  then  undergoes  secondary  photolysis  to  form 

Ru(NH3)5H202+. 

Synthesis  and  photolysis  of  [(NH3)  Rh(NCpy)Ru(NH  )  ] [CIO  ]  ,  the 
linkage  isomer  of  the  above  complex,  would  provide  corroboration  of  the 

concepts  presented  here.   The  Ru(NH3)5pyCN2+  monomer  has  a  MLCT  absorp- 

29 
tion  maximum  near  500  nm   .   Coordination  to  the  Rh(III)  metal  center 

is  expected  to  shift  this  band  to  an  even  longer  wavelength.   Thus,  the 
calculated  energies  of  the  Ru(II)  XCT  and  3CT  bands  would  be  signifi- 
cantly lower  than  those  in  the  Rh-pyCN-Ru5+  complex,  with  the  3LF  (Ru) 
band  remaining  near  17.4  kK.   The  Rh(III)  3LF  energy  level,  however, 
would  be  lowered  only  a  small  amount  by  the  decreased  basicity  of  the 

9-4- 

NCpyRu(NH3)5   ligand,  as  compared  to  the  pyCNRu(NH  )52+  ligand.   There- 
fore, an  energy  transfer  from  a  Ru(II)  MLCT  level  to  the  Rh(III)  3LF  is 
expected  to  be  more  endergonic  in  the  Rh-NCpy-Ru5+  complex  than  in  the 
Rh-pyCN-Ru   species,  and  would,  thus,  be  even  less  likely  to  occur. 


. 
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The  behavior  of  (NH3)5Rh(NCpy)Ru(NH  )    would  most  likely  parallel 
the  reactivity  of  the  pyrazine  bridged  dimer. 
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Quantum  Yield  Calculation 
Program  for  a  Hewlett  Packard  9810A  Calculator 
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The  visible  light  photolysis  of  u-pyrazinedecaamminerhodium(III)- 
ruthenium(II)  perchlorate,  [(NH3)5Rh(pyz)Ru(NH3)5]  [ClO^,  and  y-(A- 
cyano-ftA^Ru) -pyridine-^ (Rh))decaamminerhodium (III) ruthenium(II)  per- 
chlorate, [(NH3)5Rh(pyCN)Ru(NH  )  ][C104]  ,  are  reported  in  this  study. 
Irradiation  of  the  former  binuclear  complex  did  not  result  in  measur- 
able photosubstitution  reactions.,   Irradiation  of  the  latter  complex 
in  the  spectral  region  corresponding  to  a  Ru(II)  ■*  A-cyanopyridine 
charge  transfer  transition  resulted  in  cleavage  of  the  Rh-pyCN  bond, 
a  reaction  characteristic  of  a  ligand  field  excited  state  for  a 
rhodium  monomer.   These  data  are  discussed  in  terms  of  a  mechanism 
which  relies  on  intramolecular  energy  transfer  between  the  metal  cen- 
ters in  the  binuclear  complex.   Comparisons  will  be  made  in  assessing 
the  photochemical  reactions  of  the  binuclear  complexes  in  terms  of 
the  mononuclear  fragments . 


